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Abstract 

Symmetry breaking events are indispensable to generate the diverse morphological 

structures observed across life. One consequence of a symmetry breaking event is 

polarized growth, the self-propagating and anisotropic expansion of a cell. Within the plant 

kingdom certain cells undergo an extreme variant of polarized growth, termed tip growth. 

In tip growth, a cell grows by intricately modulating the extensibility of the cell wall within 

a restricted area, thereby permitting precise turgor-driven expansion. This process is 

dependent upon polarized trafficking, specifically the coordinated and faithful delivery of 

secretory vesicles that contain polysaccharides and other components necessary to 

maintain tip growth. Unlike in opisthokonts, there is a severe gap within our mechanistic 

understanding of how plant cells self-organize and sustain polarized growth.  

 One of the leading causes contributing to this gap in the plant field is a lack of tools 

that addresses the abundance of gene isoforms, while facilitating functional studies. To 

fulfill this need, I developed a novel APT-based RNAi technology (APTi) in Physcomitrella 

patens that simultaneously improves upon the multiple limitations of current RNAi 

techniques. The APTi approach enables simultaneous and potent silencing of gene 

families, as evidenced by the myosin XI (a,b) and Lyk5 (a,b,c) gene families. The positive 

selection nature of APTi represents a fundamental improvement in RNAi technology and 

will contribute to the growing demand for technologies amenable to high-throughput 

phenotyping. 

 Despite substantial work uncovering many genes necessary for polarized growth 

in plants, few mechanistic details are known about how molecular motors, such as myosin 

XI, associate with their secretory cargo to support sustained directional growth and cell 
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division. In this work, I employed live-cell imaging, targeted gene knockouts, structural 

prediction, and a high-throughput RNAi assay to create the first characterization of loss 

of RabE in plants. I found that RabE and myosin XI are co-localized at sites of active 

exocytosis, and spatiotemporally coupled at the growing apex. Furthermore, RabE is 

required for polarized growth in P. patens, and the P. patens rabE and myosinXI mutants 

are rescued by A. thaliana’s RabE1c and myosin XI-K/E, respectively. I demonstrated 

that P. patens myosin XI and A. thaliana myosin XI-K interact with RabE14 of P. patens, 

and that specific perturbation of this interaction results in a loss of polarized growth. These 

results suggest the interaction between myosin XI and RabE is a conserved feature of 

polarized growth in plants, and perhaps originated from the last common eukaryotic 

ancestor. 
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Chapter 1 : Polarized Cell Growth in Plants and the Loss-of-

Function Tools that Facilitate Our Understanding 
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1.1 Introduction 

Cells polarize in response to a myriad of extracellular cues. For example, in multicellular 

organisms, orientation within tissues is critical for proper tissue and organ function. Plant 

cells are encased by their extracellular matrix, and thus fixed within the plant body. 

Consequently, to respond to polarizing cues, plant cells alter their intracellular 

organization, often resulting in changes to the extracellular matrix that impacts cell and 

tissue morphology.  

Polarity in plants can be discussed on several levels, ranging from orientation of 

aerial and underground tissues to individual cells as they divide within a tissue to generate 

structures such as stomata — pores in leaves driving gas exchange without which plants 

would not be able to utilize environmental carbon dioxide to build their body. Deciphering 

the molecular mechanisms controlling cell polarity within the context of a whole tissue can 

be a daunting task, as many cell non-autonomous factors contribute to polarity outcomes. 

However, all land plants have cell types that are highly polarized and protrude from the 

plant body by polarized cell expansion, or tip growth, responding more to environmental 

cues, rather than neighboring cellular cues. These cell types are found throughout the 

plant kingdom (Figure 1.1). 
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In plants, the products of meiosis can replicate mitotically and generate distinct 

tissues. The number of divisions and kinds of tissues generated vary throughout the plant 

kingdom. In early diverging land plants, such as mosses and liverworts, the majority of 

tissues are haploid having derived from these mitotic divisions. In contrast, flowering 

plants only undergo a few mitotic divisions after meiosis generating the ovule and pollen. 

Thus, most of flowering plant tissues develop from a fertilized embryo and are diploid. 

Mosses have three distinct haploid tip-growing cell types: chloronemata, caulonemata, 

and rhizoids (Figure 1.1). All three are multicellular. Chloronemal cells are the first to 

emerge from the spore and have transverse cell plates. Caulonemal cells develop from 

chloronemal cells and have oblique cell plates. Together, these two cell types comprise 

the branching filamentous tissue named protonemata, the juvenile tissue of moss that 

colonize and establish the plant. The adult tissues develop from protonemata and are 

depicted as a leaf-like structure in the drawing (Figure 1.1). Protruding from the base of 

the adult tissue are tip-growing rhizoids, which in general do not branch and serve to 

Figure 1.1 Drawings depicting tip-growing cell types in mosses, liverworts, and flowering 
plants. 
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anchor the adult tissues in the soil. The moss P. patens is particularly amenable to genetic 

manipulation, regenerates quickly, is easy to propagate in the lab, and is especially suited 

for live-cell imaging. As a result, P. patens has become a powerful model for studying tip 

growth. Liverworts germinate from a spore into a thallus that is anchored into the soil by 

single-celled rhizoids. The recent sequencing of the Marchantia polymorpha genome 

(Bowman et al., 2017) together with rapid advances in genome editing (Ishizaki et al., 

2016), has propelled this system for the study of evolutionary development questions in 

plants. While relatively fewer studies have focused on rhizoid development (Honkanen et 

al., 2016; Otani et al., 2018), M. polymorpha promises to be an excellent comparative 

system to study tip growth.  

Vascular plants have root hairs, which are diploid, single-cell protrusions that 

emerge from the root epidermis. Additionally, vascular plants can manifest the haploid 

pollen tube, which germinates from a pollen grain that has landed on a receptive stigma 

(Figure 1.1) in the case of flowering plants or cones for gymnosperms. Several different 

plant species have been used to study root hairs and pollen tubes, including A. thaliana, 

lily, tobacco, and rice. However, as more molecular tools emerge for diverse plant 

species, tip growth studies will expand to a larger number of species and capture the 

diversity across the plant kingdom. 

Flowering plant pollen tubes, which are by far the most studied tip-growing cell 

type, have a short life-span, growing for at most a day. Furthermore, their signaling 

system solely responds to unique cues emitted from the ovule in the flower. In contrast, 

the other common model systems, root hairs and moss caulonemal cells, live relatively 

longer, ranging from weeks to months and both cell types respond to multiple extracellular 
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signals, such as nutrient and water availability, gravity, and light. Thus, plants provide a 

unique system to study the evolution of both the initiation and maintenance of cell polarity 

in cell types that are separated by hundreds of millions of years of evolution, but respond 

to similar extracellular cues (root hairs versus rhizoids/caulonemata), and within a single 

plant where cells emerge in response to distinct extracellular cues (root hairs versus 

pollen tubes). 

In plants, tip growth results from the coupling of precise cell wall remodeling at a 

particular site and turgor-driven cell expansion such that cells grow only at their apex. The 

apical domain, therefore, is a region of extensive membrane remodeling requiring 

exocytic delivery of vesicles carrying extensible cell wall material and endocytic retrieval 

of excess membranes and signaling components marking the apical domain. Here, I 

discuss recent advances linking the cytoskeleton and vesicle trafficking to directional 

persistence during growth with possible links to membrane remodeling. I particularly 

emphasize the moss Physcomitrella patens as a model for plant tip growth, and highlight 

current loss-of-function techniques that are indispensable for a comprehensive 

understanding of tip growth. 

1.2 Physcomitrella/Physcomitrium patens: A Versatile Plant Model for Cellular 

Polarized Growth 

The moss P. patens, like all land plants, displays a stereotyped alternation of generations 

characterized by the haploid gametophyte and the diploid sporophyte. The haploid 

gametophyte stage dominates the life cycle of bryophytes, which consists of mosses, 

hornworts, and liverworts. The precise taxonomic and phylogenetic organization of extant 

embryophytes (land plants) is an area of constant flux (Puttick et al., 2018; Delaux et al., 
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2019). As a result, recent phylogenetic analyses strongly support that the previously 

named Physcomitrella patens derives from the Physcomitrium lineage and should be 

called Physcomitrium patens (Liu et al., 2012; Beike et al., 2014; Medina et al., 2018; 

Medina et al., 2019). However, as most of the manuscripts contained herein were 

prepared before the recent call for name change (Rensing et al., 2020), Physcomitrella 

patens is used to maintain internal consistency.  

Following the isolation of the Gransden P. patens ecotype in 1962, heroic efforts 

demonstrating the genetic tractability of P. patens (Schaefer and Zryd, 1997) and 

sequencing of the genome (Rensing et al., 2008) firmly established P. patens as an 

indispensable resource for investigating the evolutionary origins of land colonization by 

plants. In recognition of its importance, P. patens constitutes one of the U.S. Department 

of Energy’s flagship genomes (https://jgi.doe.gov/our-science/science-programs/plant-

genomics/plant-flagship-genomes/). At present, there exists a host of online and 

experimental resources and tools, reviewed in (Rensing et al., 2020), to facilitate both 

evo-devo and cell biology studies. 

P. patens contains many salient features that make it an excellent model for 

investigating tip growth (Vidali and Bezanilla, 2012), such as its amenability to targeted 

genetic manipulation and relatively simple body plan (Figure 1.1). Following spore 

germination, protoplast regeneration, or mechanical wounding, tip cells emerge and 

radially proliferate thereby establishing a near two-dimensional filamentous network. The 

juvenile tissue can be asexually propagated ad infinitum with mechanical 

homogenization, or the tissue can be treated with an enzymatic cocktail to digest the cell 

walls, thereby isolating individual protoplasts. Exogenous DNA is introduced to 

https://jgi.doe.gov/our-science/science-programs/plant-genomics/plant-flagship-genomes/
https://jgi.doe.gov/our-science/science-programs/plant-genomics/plant-flagship-genomes/
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protoplasts with a simple PEG-mediated procedure (Schaefer et al., 1991; Liu and Vidali, 

2011), which can result in either transient expression or stable integration of a given 

sequence. Exploiting the haploid dominance and remarkable level of homology directed 

repair (HDR) native to P. patens allows straightforward mutagenesis or fusions of genes 

to functional tags (fluorescent proteins, affinity tags) at the endogenous locus. A more 

detailed discussion of techniques to generate loss-of-function mutants is found below. 

Importantly, regeneration of a single transformed protoplast will result in an isogeneic 

population of tip growing cells, and these cells can complete the sexual life cycle. At the 

juvenile stage, all growing cells are undergoing tip growth and the filamentous tissue is 

only one cell thick. This anatomy is excellent for high-resolution live-cell microscopy, and 

when coupled with facile gene tagging, protein dynamics can be observed at their native 

concentrations. Furthermore, P. patens can be cultured in microfluidic devices, which 

enables both long-term and single particle imaging (Bascom et al., 2016; Kozgunova and 

Goshima, 2019; Sakai et al., 2019). 

The aforementioned characteristics of P. patens unquestionably establish this 

moss as an exceptional species to work with, but not necessarily as a good model for tip 

growth. Fortunately, here I discuss recent studies investigating the cytoskeleton, 

associated motor proteins, and vesicle trafficking among others that have demonstrated 

an exceptional degree of functional conservation, while noting some important 

differences.  

1.3 Cytoskeletal Coordination 

Despite differences in ultrastructural organization (Figure 1.2), all tip-growing systems are 

thought to employ the actin cytoskeleton to spatially regulate membrane trafficking to 
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maintain unidirectional expansion. Our antiquated understanding of actin’s function in tip 

growth was based upon the simple definition of active transport whereby molecular 

motors transport cargo to exocytic sites along established tracks to overcome diffusion 

limitations. However, F-actin is not a passive track, but rather is a dynamic entity that 

undergoes rapid, stochastic reorganization (Szymanski and Staiger, 2018). Furthermore, 

the most dynamic F-actin structures that are required for tip growth (Figure 1.1), such as 

the cortical fringe in pollen and the intense F-actin spot in caulonemal cells, demonstrate 

a level of organization that defies point-to-point transport. Recent studies in 

Physcomitrella patens demonstrated that the F-actin spot predicts the site of expansion 

(Wu and Bezanilla, 2018) and explored possible explanations of F-actin’s function, 

discovering that while F-actin directionally transports vesicles, diffusion alone is 

theoretically sufficient for growth, albeit at a fraction of the normal rate (Bibeau et al., 

2018b). However, depletion of F-actin results in sudden growth arrest, implicating that F-

actin actively clusters/focuses membranes, particularly vesicles, in a small area at the 

growing tip (Qu et al., 2017; Bibeau et al., 2018b).  
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The three most well-studied plant tip-growing cells types share one fundamental 

characteristic at the growing apex: fine, likely single, actin filaments coincident with a 

dynamic cloud of vesicles (Figure 1.2). Importantly, this organization appears 

interdependent, suggesting an underlying mechanism that generates and couples the 

polarized vesicle distribution with F-actin. In P. patens, the actin motor myosin XI and 

secretory vesicles predict the arrival of F-actin at the cell apex; and ectopically generated 

vesicle clusters also contain myosin XI and precede F-actin formation in the shank region 

of a tip cell (Furt et al., 2013). Intriguingly, the class II formin, which also localizes with the 

apical actin accumulation, also precedes F-actin accumulation in similar ectopic clusters 

(van Gisbergen et al., 2012) and at the cell apex (Wu and Bezanilla, 2018). Recent work 

investigating class I formins in the pollen tube converged upon a direct association 

between tip-localized vesicles, F-actin nucleators, and the emergence of actin filaments 

(Li et al., 2017; Lan et al., 2018). As myosin XI is a relatively low-abundance protein in P. 

patens, we speculate the mechanism described above in concert with homotypic 

interactions between vesicle-localized Rabs (Segawa et al., 2019) and other unknown 

Figure 1.2 A stylized perspective of three tip growing plant systems and a working model 
of exocytosis  (red box). Based on published data as summarized in the text, all systems 
display an apically localized and interdependent pool of vesicles, myosins, and formins. 
This polarized organization is maintained by a dynamic F-actin network that is spatially 
stabilized by microtubules. In addition to a polarized cytoplasm, the apical plasma 
membrane is enriched in PI(4,5)P2, ROP GTPases, and subunits of the exocyst that 
facilitate actin polymerization and exocytosis. Our exocytosis model is conceptually 
similar to the process found in yeast. Tip-localized PI(4,5)P2 and active ROPs capture the 
exocyst at discrete membrane sites, thereby functionally restricting the exocyst. 
Additionally, given the expansion of exocyst subunits in plants, it is likely different subunit 
composition could regulate the exocyst. The exocyst then coordinates with the secretory 
vesicle through vesicle-localized effectors, such as myosin XI, Rab GTPases, and their 
regulators, such as the putative GEF, the SCD complex 
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processes could promote vesicle clustering. This may promote a liquid–liquid phase 

separation and the characteristic vesicle/myosin/actin cluster that drives tip growth. This 

hypothesis is inspired by the liquid behavior of cross-linked actin (Weirich et al., 2017) 

and actin’s involvement in biomolecular condensates (Case et al., 2019), as well as the 

recently proposed diffusion capture paradigm (Bracha et al., 2018). The formation of 

biomolecular condensates results in a membraneless and fluid compartment that biases 

the formation of transient interactions (Hyman et al., 2014), as is likely the case with 

myosin XI and vesicles (Bibeau et al., 2020). Exploring the possibility that phase 

separation of vesicles and vesicle-associated proteins is a necessary emergent event for 

tip growth offers a fascinating avenue of future research. 

Traditionally, the study of tip growth in plants disproportionally focused on the actin 

cytoskeletal network as it is indispensable for tip growth. However, recent studies 

demonstrate that microtubules are critical for growth directionality and implicate 

microtubules and F-actin as an increasingly interconnected system for maintenance of 

polarity. In P. patens microtubules function in polarity fidelity by spatially restricting actin 

polymerization and vesicle clustering (Wu and Bezanilla, 2018; Yamada and Goshima, 

2018) (Figure 1.2). One possible mechanism that could explain the observed restrictive 

effect of microtubules on F-actin is through direct microtubule-to-actin interactions. 

Microtubule and actin cross talk appears to be a consistent feature of tip-growing systems 

given direct observations in multiple cell types. In P. patens, myosin VIII interacts with 

microtubules and actin to promote persistent polarized growth (Wu and Bezanilla, 2018) 

(Figure 2). Recent evidence using a conditional forward genetics screen in moss, 

identified CLoG1, a novel microtubule depolymerizing end tracking protein, which is 
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involved in tip growth and localizes to zones of microtubule-F-actin overlaps at the tip 

(Ding et al., 2018) (Figure 1.2). In angiosperms, the microtubule-associated 

proteins MDP25/PCaP1 and MAP18/PCaP2 associate with actin and demonstrate 

calcium-dependent severing activity (Zhu et al., 2013; Qin et al., 2014) (Figure 1.2). In 

addition to direct crosslinking of microtubules to actin, studies have revealed interactions 

between microtubules and F-actin nucleators, such as formins (Deeks et al., 2010; Li et 

al., 2010; Zhang et al., 2011; Wang et al., 2013) and a subunit of the ARP2/3 complex 

(Havelkova et al., 2015). This raises the intriguing possibility of microtubules orchestrating 

F-actin organization through assisting the clustering of vesicles rich in actin nucleators.  

1.4 Exocytosis  

The rapidly expanding cell requires faithful intracellular trafficking of secretory vesicles 

containing cargo that facilitates the extension of the cell wall. Our mechanistic 

understanding of polarized trafficking and exocytosis is surprisingly lacking, which we 

suggest is a consequence of insufficient tools to mark and observe active areas of 

exocytosis. A quantification method, based on relative levels of exocytosis, corrected for 

endocytosis, is a welcome development for this problem (Luo et al., 2016). 

 As a first approximation, by analyzing the localization and loss of function 

phenotypes of various exocyst subunits, which is a tethering complex for exocytic 

vesicles, there is evidence in caulonemata, root hairs, and some pollen tubes that 

exocytosis is enriched at the apical plasma membrane (Wen et al., 2005; Synek et al., 

2006; Bloch et al., 2016; van Gisbergen et al., 2018b; Tang et al., 2019) (Figure 1.2). We 

know from yeast and mammalian studies that the exocyst serves as a multivalent platform 

orchestrating exocytosis through interactions of plasma membrane and vesicle-localized 
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effectors, such as the molecular motor myosin V and the Rab GTPase, Sec4 (Lepore et 

al., 2018). An emerging hypothesis suggests that in plants myosin XI associates with its 

vesicular cargo through an interaction with a Rab GTPase on the vesicle membrane and 

then with the exocyst for vesicle tethering at the plasma membrane (Figure 1.2). This 

transport model is supported by preliminary evidence detailed in this dissertation that 

demonstrates a myosin XI interaction with the RabE subfamily, which is homologous with 

the yeast Rab Sec4. Furthermore, biochemical and proteomic data places RabE, its 

putative GEF (Figure 1.2, SCD complex), and the exocyst complex at sites of polarized 

exocytosis (Mayers et al., 2017a). The remarkable degree of similarity between two 

evolutionarily distant clades should empower us to not only use insights from yeast and 

mammals to inform our future experiments but opens the possibility that other 

fundamental findings in plants are shared between all polarized growth cell types. 

 Despite these advancements, it is likely that the seemingly homogenous vesicle 

cluster we observe at the mesoscale is an amalgamation of different vesicle 

subpopulations that are decorated by a unique complement of proteins and internal cargo. 

This is evidenced by a variety of unconventional secretion pathways (Wang et al., 2018), 

such as pectin methylesterase bypassing the TGN in pollen tubes (Wang et al., 2016). 

As a result, while the highest vesicle flux may occur at the tip, exocytosis occurs across 

the entire surface of the cell, as is observed for the cellulose synthase complex (Tran et 

al., 2018). Thus, identifying cargo that is specifically secreted at sites of polarized 

expansion will improve our ability to confidently detect specific exocytic events that 

regulate polarized growth. 
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1.4.1 Rab GTPases 

The cytoplasm of a cell is a densely packed and dynamic environment (Dix and Verkman, 

2008; Zhou et al., 2008; Goodsell et al., 2020). To an external observer, the molecular 

dynamics within the cell are almost chaotic. Nevertheless, the cell maintains an exquisite 

level of control over various cellular process, especially with respect to polarized 

trafficking. The cell attains robust and faithful transport of endomembrane vesicles by 

unique identification of endomembrane compartments. Although multiple proteins and 

lipids in concert impart membrane specificity, Rab GTPases are essential to maintain the 

fidelity of the endomembrane system (Stenmark, 2009; Pfeffer, 2013).   

 Importantly, Rab GTPases have expanded concomitantly with the evolved 

complexity of the eukaryotic cell, with 11 in yeast, over 60 in humans, and over 50 in A. 

thaliana (Pereira-Leal and Seabra, 2001; Rutherford and Moore, 2002). Rabs undergo a 

characteristic, dynamic structural rearrangement depending on the bound nucleotide—

GTP-bound Rabs are typically associated with the membrane and are “active,” whereas 

GDP-bound Rabs are “inactive” and are preferentially located within the cytosol (Mizuno-

Yamasaki et al., 2012). The dynamic on/off cycling of Rab activity is primarily regulated 

by two classes of proteins: guanine exchange factors (GEFs), which recruit Rabs to the 

membrane and activate Rabs by facilitating the dissociation of bound GDP; GTPase-

activating proteins (GAPs), which inactivate Rabs by enhancing the inherently slow 

hydrolysis of GTP to GDP. This structural plasticity of Rabs allows precise discrimination 

of binding partners, with Rab effectors typically displaying preferential binding to the 

active, GTP-bound, form of the Rab (Khan and Menetrey, 2013). In the context of 

polarized growth, certain Rabs are required for proper vesicle trafficking and exocytosis 
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across eukaryotes (Zhen and Stenmark, 2015). Specifically, there is evidence in yeast 

and human supporting the idea of a Rab transport cascade, whereby transport of 

secretory vesicles is dictated by the sequential recruitment of Rabs and their cognate 

GEFs (Jin et al., 2011; Mizuno-Yamasaki et al., 2012). Additionally, these Rabs, such as 

Sec4 in yeast, interact with the molecular motor myosin V and the exocyst, directly 

implicating Rabs in the polarized transport pathway (Lepore et al., 2018; Pylypenko et al., 

2018). In plants, Rabs have also been implicated in various cellular processes, including 

post-golgi trafficking (Elliott et al., 2020). Unlike in yeast and mammalian systems, the 

plant Rab field currently lacks mechanistic insights into how Rabs and their putative 

effectors coordinate polarized trafficking and exocytosis.  

1.5 The Apical Plasma Membrane  

Among proteins that are enriched at the apical plasma membrane, ROP GTPases are 

critical signaling molecules. In P. patens, as in other plants, ROPs are essential for 

polarized growth (Burkart et al., 2015; Feiguelman et al., 2018). Systematic silencing of 

all the ROP regulators in moss revealed that of the GTPase activating proteins (GAPs) 

the ROPGAP family, not the REN family, are critical for polarized growth. Silencing of 

the guanine nucleotide exchange factors (GEFs) demonstrated that the SPIKE type of 

GEFs, known activators of ROP activity (Basu et al., 2008), were more important for cell 

polarization than the ROPGEFs. Moreover, the guanine dissociation inhibitors (GDIs), 

which localized throughout the cytoplasm, were also essential for cell polarity (Bascom et 

al., 2019a). Using both endogenous knock-in of sequences encoding for fluorescent 

proteins coupled with inducible expression strategies, another recent study revealed 

apical localization of PpROP1 and PpROPGEF4, with PpROPGEF4 populating a more 
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confined region at the extreme tip (Le Bail et al., 2019). However, validating function of 

the fluorescent fusion proteins can be challenging, particularly for ROP, for which 

genomic alterations including fusions to fluorescent proteins were unable to support 

normal polarized growth in the absence of all other endogenous ROPs (Burkart et al., 

2015). Thus, it will be critical to identify additional polarity markers amenable to tagging 

and live-cell imaging.  

 Recent publications are illuminating mechanistic details of ROP polarization. 

Denninger and collaborators demonstrated that successive polarization of distinct ROP-

GEFs and subsequent ROP recruitment promotes root hair initiation and outgrowth 

(Denninger et al., 2019). Furthermore, in root epidermal cells ROP6 partitions to discrete 

nanodomains through an interaction between ROP’s intrinsic polybasic region and the 

anionic phospholipid phosphatidylserine (Platre et al., 2019). It remains an open question 

how ROP-GEFs, anion phospholipids, and other signals are integrated to drive the initial 

polarization event. Recent work in root hairs has also discovered that the microtubule-

actin cross-linking protein MAP18 preferentially interacts with the GDP-bound state of 

ROP2 (Kang et al., 2017). This interaction, which may occur at the cytoskeleton, 

effectively promotes ROP activity by shielding ROP from extraction by the ROP-GDI, 

providing an exciting link between the cytoskeleton and ROP activity. 

1.6 Endocytosis  

Retrieval of membrane from the apex via endocytosis also plays a fundamental role in 

polarizing cells (Samaj et al., 2005). In root hairs endosome motility and FM4-64 uptake 

were both impaired in the absence of actin (Ovecka et al., 2005; Voigt et al., 2005). 

Molecular evidence linking endocytosis to polarized growth was provided by studies of 
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the T-PLATE endocytic adaptor complex. T-PLATE was found to be enriched at the 

emerging tip of germinating pollen in Arabidopsis. Critically, mutations of subunits in the 

T-PLATE complex impair pollen tube germination in Arabidopsis, resulting in 

accumulation of callose at ectopic sites in the pollen grain (van Damme et al., 2006). More 

recently, inhibition of clathrin-dependent endocytosis in pollen tubes was shown to impair 

tip growth (Zhao et al., 2010). Thus, with impaired endocytosis, delivery of wall material 

is deregulated, suggesting that endocytosis contributes to regulating and or establishing 

the site of polarized growth during pollen tube germination and growth. 

 However, evidence of direct molecular links between endocytosis, the 

cytoskeleton and tip growth is surprisingly lacking. Of note, a recent study discovered that 

the Endocytosis Adaptor of Pollen Tube, EAP1, specifically binds to REN4, which is a 

GAP for the ROP GTPase. EAP1 participates in clathrin-mediated endocytosis and is 

involved in the active removal of REN4 from the cell apex (Li et al., 2018). As GAPs, REN 

proteins activate the intrinsic GTPase activity of ROPs, converting them to a GDP-bound 

state, which is inactive for cellular signaling. Thus, RENs could limit ROP activity to 

particular membrane domains (Feiguelman et al., 2018). In particular loss of REN4 

impairs pollen tube directionality, implicating that REN4 works to control a uniform site of 

polarized expansion (Li et al., 2018). Interestingly, silencing RENs did not alter tip growth 

in moss caulonemata (Bascom et al., 2019a). While the exact family of GAP is not 

conserved between pollen tubes and moss, proteins with similar functions still impact cell 

polarity. Nevertheless, a physical connection between a ROP regulator and endocytosis 

supports the idea that endocytosis actively ensures that the apical plasma membrane is 

a distinct membrane domain. Furthermore, based on the localization of EAP1, this leads 
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to a model where endocytosis occurs at the collar region in pollen tubes (Li et al., 2018), 

which coincides with the highly dynamic actin fringe. It remains to be determined where 

endocytosis occurs in other tip-growing cells where the highly dynamic actin resides 

closer to the apical plasma membrane. 

1.7 Outlook and Insights from Other Tip Growing Systems 

There are striking parallels between tip growth in plant cells and in filamentous fungi. For 

example, in Aspergillus nidulans, a dynamic cluster of membranes and actin forms near 

the cell apex (Riquelme et al., 2018). Many of the same classes of molecules that are 

required in plants are also required in fungi (Takeshita, 2016; Riquelme et al., 2018). 

Based on elegant studies, a current model posits that chitin synthase B, a cell wall-

modifying enzyme essential for tip growth, is recycled from the apical plasma membrane 

to the trans Golgi network (TGN) via endosomes, with endocytosis of chitin synthase-

dependent on actin. From the TGN, chitin synthase then gets rapidly exocytosed to the 

plasma membrane (Martzoukou et al., 2017; Hernandez-Gonzalez et al., 2018). Even 

though tip growth likely evolved independently in plants and fungi, the striking similarities 

may help to inform studies in both systems. 

 Combining knowledge from both fungi and plants, we hypothesize that the apex of 

the cell is a cycling center for endosomes and the TGN, and that dynamic actin is central 

in coordinating endocytosis and exocytosis at the expanding tip (Figure 1.3).  
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Figure 1.3 Model depicting the apex of a generic tip-growing plant cell as a cycling center 
that coordinates exo- and endocytic activity.The apical cell achieves this while 
simultaneously marking the apical plasma membrane as a distinct membrane domain. 
Grey arrows indicate vesicle trafficking pathways. ROP localizes to the apical plasma 
membrane, while REN4 localizes at the subapical plasma membrane, which in pollen 
tubes is in the collar region overlapping with the cortical actin fringe, to restrict ROP in a 
confined domain. In other tip growing cells, the apical actin structure is closer to the tip, 
so we have depicted an endocytic event between the tip and the subapical domain. The 
removal of REN4 from the plasma membrane depends on its interaction with an 
endocytosis adaptor. Cargos for polarized growth are removed from the plasma 
membrane through endocytosis, then fused to the endosome. After briefly visiting the 
trans Golgi network, cargos are exocytosed back to the apical plasma membrane 
potentially through endosomes and exocytic vesicles. Actin organizes trans Golgi, 
endosomes and the cluster of vesicles near the growing tip. Cargoes, labeled in purple 
that are actively secreted at the cell tip, such as potential cell wall synthases or 
remodeling enzymes would be ideal targets for cellular imaging. 
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To test this, it will be essential to determine how exocytic cargo is sorted before reaching 

the apical domain. Thus, it is a priority to identify and image functional cargos that are 

specifically delivered to the tip (Figure 1.3) analogous to chitin synthase from filamentous 

fungi. Future work building upon the discovery of the physical link between ROP 

regulators and endocytosis (Li et al., 2018) (Figure 1.3) in additional plant cell types will 

provide the foundation for analyzing the dynamics and potential interdependence 

between endocytosis and cell polarity. Ultimately, determining the temporal and spatial 

polarization of exocytic, endocytic, and cytoskeletal factors during tip growth initiation will 

help to establish whether exocytosis, endocytosis, and/or the cytoskeleton generates the 

polarity cue. Then integrating cytoskeletal interactions and identifying molecular linkages 

that coordinate membrane trafficking will provide testable models for maintenance of 

polarized growth via possible feedback tying membrane trafficking and cytoskeletal 

organization. 

1.8 Directed Loss-of-Function Approaches in Plant Functional Genomics 

To begin to understand complex traits, such as plant growth, researchers typically adopt 

a reductionist perspective. Although inherently flawed, reductionism provides an intuitive 

framework where one can systematically identify and remove all the parts thought to 

compose a given process. The process of identifying the necessary parts, named forward 

genetics, represents an invaluable and unbiased approach to enumerate genes involved 

in a fundamental biological process by random mutagenesis (UV light, chemical, 

transposable elements, etc.). However, a biological screen is a noisy process and 

requires validation of the accumulated gene hits. To this end, reverse genetics allows 

precise perturbation of genes, which enables confident inference of a gene’s function. 
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Reverse genetics can be thought of as “hypothesis testing” experiments, which are a 

necessary complement to forward genetic, “hypothesis generating” experiments. Here, I 

describe the most common approaches for generating targeted loss-of-function mutants, 

using the moss P. patens and the process of tip growth as a case study.  

1.8.1 Homology Directed Repair 

Before the advent of programable nucleases, a large factor contributing to the prominence 

of a given model organism was its intrinsic amenability to reverse genetics. Specifically, 

the capacity of an organism to integrate DNA via the homology directed repair (HDR) 

pathway allows for precise gene targeting. Unlike bacteria and yeast that display high 

rates of HDR-mediated gene targeting, multicellular organisms typically resolve DNA 

lesions through alternative, error-prone mechanisms (Figure 1.4) (Ceccaldi et al., 2016). 

Notable exceptions exist, such as mouse embryonic stem cells (Doetschman et al., 1987; 

Thomas and Capecchi, 1987) and the moss P. patens. 

 Unlike P. patens, vascular plants, specifically agricultural crops, are notoriously 

recalcitrant to genetic engineering because of two predominant factors: low 

transformation and regeneration efficiency, and low rate of HDR (Lee et al., 1990; Offringa 

et al., 1990; Halfter et al., 1992; Kempin et al., 1997; Puchta and Fauser, 2013). 

Exogenous DNA is efficiently and easily introduced into P. patens via PEG-mediated 

transformation (Schaefer et al., 1991; Liu and Vidali, 2011). If the transformed DNA 

possesses sufficient sequence homology to an internal locus, rates of HDR-mediated 

integration rival that of those observed in yeast and clearly overshadow any other plant 

model organism (Schaefer and Zryd, 1997; Kamisugi et al., 2005). In practice, precise 

loss-of-function mutants are generated by flanking an antibiotic resistance gene with ~1kb 
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of identical sequence upstream and downstream to the gene you wish to disrupt. With 

this strategy, the endogenous gene is ablated and is easily selected for using the inserted 

resistance gene (Strepp et al., 1998). Additionally, this strategy can be multiplexed to 

generate higher order mutants and has been successfully employed in P. patens to 

generate a quintuple knockout of the myosin VIII family (Wu et al., 2011a). However, 

different antibiotic resistance genes must be used or the preexisting resistance gene must 

be excised, such as with Cre-Lox recombination. The mechanism(s) by which P. patens 

achieves high rates of HDR is an area of active research (Schaefer et al., 2010; 

Wiedemann et al., 2018; Mara et al., 2019)—understanding this process will hopefully 

enable researchers to bias the internal equilibrium of DNA repair towards HDR, thereby 

converting previously intractable organisms to more malleable genetic engineering 

platforms.        

1.8.2 CRISPR/Cas 

Despite the relatively high rate of HDR in P. patens, creation of multi-gene knockouts 

using the classic HDR method is still a cumbersome process that typically requires 

multiple transformations. Additionally, the HDR-mediated gene replacement strategy 

described above results in a complete null mutant, which could be undesirable. For 

example, a null mutant for a pleiotropic gene will have broad phenotypic consequences, 

or might be lethal. Programmable nucleases allow targeted disruption of a DNA 

sequence, whereby a specific domain’s function can be lost independent of other 

attributes of the gene product resulting in a hypomorph mutant. Therefore, the observed 

phenotype is restricted to the specific perturbation, resulting in more meaningful 

interpretations. 
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 The discovery and domestication of the prokaryotic adaptive immune system, 

named clustered regularly interspaced short palindromic repeats (CRISPR) and the 

CRISPR-associated proteins (Cas), revolutionized gene editing (Jinek et al., 2012; 

Doudna and Charpentier, 2014). The ease-of-use and inexpensive nature of CRISPR-

Cas ensured its rapid adoption and quickly supplanted previous methods of targeted DNA 

double-stranded breaks (DSBs), such as zinc-finger nucleases and transcription 

activator-like effector nucleases (TALENs). To date, the type II CRISPR/Cas9 system 

from Streptococcus pyogenes is the most popular CRISPR-based editing tool and only 

requires expression of a single guide RNA (sgRNA) and the Cas9 endonuclease. 

Successful introduction of a targeted DSB using CRISPR/Cas9 requires that the genomic 

locus to be targeted contains a canonical protospacer adjacent motif (PAM), which 

corresponds to the Cas enzyme used (Jinek et al., 2012). Cas9 from S. pyogenes utilizes 

the PAM sequence ‘NGG’; therefore, targeting Cas9 to a specific genomic locus 

necessitates co-expression of Cas9 and a sgRNA containing a 20-nucleotide sequence 

complimentary to the gene target immediately adjacent to a PAM. The sgRNA is a 

modular unit, with the 5’ “spacer” sequence corresponding to the user-defined 20-

nucleotide target sequence, and the remaining “scaffold” sequence imparting structure 

for engagement with Cas9. Loading of Cas9 with the sgRNA followed by target 

recognition via Watson-Crick base pairing between the sgRNA spacer and genomic target 

results in a structural rearrangement that promotes the dual catalytic activity of Cas9 

(Sternberg et al., 2015) (Figure 1.4).         
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Figure 1.4 CRISPR\Cas9 mediated loss-of-function approaches. Upon Cas9 loading of 
the gRNA, the Cas9:gRNA complex base-pairs with the target DNA via the spacer region 
(green), which is immediately adjacent to the PAM (orange), resulting in a DSB. The DSB 
can be resolved in multiple ways: NHEJ; MMEJ; or HDR..    
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 CRISPR/Cas technology has been successfully implemented in plants, ranging 

from maize to moss, to generate loss-of-function alleles (Chen et al., 2019; Zhang et al., 

2019). The output of a CRISPR experiment is entirely dependent upon the user-designed 

sgRNA input. Previous work, predominantly in mammalian systems, has empirically 

guided algorithms that assist in determining optimal sgRNA sequences to maximize on-

target cleavage and minimize off-target effects (Hanna and Doench, 2020). Each of these 

tools differ, so the best choice of tool is dependent on the specific experimental objectives. 

Typically, a reverse genetic loss-of-function experiment with CRISPR will use either one 

or two sgRNAs per gene. The one sgRNA strategy minimizes reagents, thereby enabling 

multiple genes to be targeted by different sgRNAs in a single transformation (Lopez-

Obando et al., 2016). If the sgRNA is designed to disrupt a naturally occurring restriction 

site, successful editing events can be quickly determined. However, the detection of an 

editing event is not sufficient to determine the loss of gene function. Use of a downstream 

start site or alternative splicing could result in a fully or partially functional protein. The 

two sgRNA strategy allows for large deletions, which increases the probability of 

recovering a loss-of-function mutant (Dang et al., 2015). Nevertheless, the resultant 

repaired DNA lesion is not an entirely predictable outcome, but it appears P. patens favors 

microhomology end-joining (MMEJ) (Collonnier et al., 2017b). As a result, multiple 

independent and distinct alleles can be recovered from one transformation with a single 

sgRNA. 

 Directed double-strand breaks of DNA stunningly enhance the incidence of 

homologous recombination (Puchta et al., 1993; Choulika et al., 1995; Smih et al., 1995). 

However, even with enhanced prevalence of HDR through CRISPR-induced DSBs, the 
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observed efficiency of HDR in most plant species fails to exceed a few percent (Shan et 

al., 2014; Cermak et al., 2015; Collonnier et al., 2017a; Rozov et al., 2019). The moss P. 

patens, with its already high rate of HDR, makes an excellent partner with CRISPR/Cas 

to generate precise mutants. Instead of relying on the seemingly stochastic internal repair 

mechanisms to resolve the induced DSB, a homologous DNA template can be co-

transformed with the CRISPR machinery to drive HDR (Figure 1.4). The homology 

template could contain a series of stop codons to ensure gene knockout (Mallett et al., 

2019), or an explicit mutation to render the resulting protein product catalytically inactive 

(Yi and Goshima, 2020).  

Despite the observed fidelity of CRISPR-HDR gene editing in P. patens, anytime 

DNA DSBs are introduced the possibility of unintended mutations exists. These 

unintended mutations result from either off-target effects, which can be minimized through 

stringent sgRNA selection and/or modification of Cas itself (Ran et al., 2013), or 

unexpected and complex rearrangements at the target site (Kosicki et al., 2018; Lee and 

Kim, 2018). Fortunately, advances in CRISPR/Cas technologies has resulted in ways to 

create loss-of-function mutants without DNA DSBs. These strategies follow the same 

principle: a catalytically inactive Cas (dCas) is fused to functional domain, such as the 

KRAB domain for gene transcriptional repression (Gilbert et al., 2013) or a 

cytidine/adenine deaminase for precise base editing (Komor et al., 2016; Nishida et al., 

2016; Gaudelli et al., 2017). CRISPR-interference (CRISPRi) is less popular in plants, 

presumably a consequence of the robustness of, and preexisting reagents/methods for, 

traditional RNAi (discussed below). Both cytidine (Shimatani et al., 2017; Zong et al., 

2017; Qin et al., 2020; Veillet et al., 2020) and adenine (Kang et al., 2018; Yan et al., 
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2018) base editors have been utilized in plants to create loss and gain of function 

mutations. Although the CRISPR/Cas toolbox has greatly expanded, the applicability is 

limited by PAM requirements, efficacy, and amenability of the target organism to 

transformation, regeneration, and HDR. Recent pioneering work in human cells vastly 

enhanced the power of CRISPR by enabling multiple and simultaneous precise 

nucleotide changes (Anzalone et al., 2019), as well as nearly eliminating the PAM 

requirement of Cas9 (Chatterjee et al., 2020; Walton et al., 2020). It will be fascinating to 

observe how these technologies transform gene editing in plant research in the coming 

years.  

1.8.3 RNA Interference 

The importance of CRISPR/Cas technology in generating targeted gene knockouts 

cannot be overstated, as it has single-handedly propelled molecular biology forward into 

a new era.  However, the most popular methodology of CRISPR/Cas9 is constrained in 

several fundamental ways that limits its scope, particularly with respect to agricultural 

species. This is a consequence of many essential crops containing multiple copies of a 

given gene because of polyploidization events (Bowers et al., 2003), such as the 

indispensable allotetraploid cotton Gossypium hirsutum (Paterson et al., 2012; Zhang et 

al., 2015). Therefore, DNA-based technologies become increasingly inefficient with 

increased copy number. Fortunately, technologies exist that exert their action 

downstream of DNA (post-transcriptionally), such as RNA interference (RNAi) acting 

upon messenger RNA (mRNA).        
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 RNA interference is a conserved eukaryotic process whereby approximately 20-

30 nucleotides of double-stranded RNA (dsRNA) results in downregulation, termed 

“silencing,” of any gene that contains sequence complementary to the dsRNA (Wilson 

and Doudna, 2013). Since initial observations of gene silencing phenomena, termed “co-

suppression” in plants (Napoli et al., 1990), “quelling” in Neurosporoa crassa (Romano 

and Macino, 1992), and formalized as “RNA interference” in the Nobel Prize-awarded 

work in Caenorhabditis elegans  (Fire et al., 1998), our molecular understanding of the 

RNAi mechanism has greatly increased. Importantly, RNAi silences genes in two 

fundamental and non-exclusive ways: transcriptional and post-transcriptional gene 

silencing (PTGS) (Figure 1.5).  
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In both instances, long dsRNA is processed by an RNase III enzyme Dicer resulting in 

multiple small, ~21 nucleotide dsRNA fragments named short interfering RNAs (siRNAs). 

Unlike humans and C. elegans that contain only one Dicer gene, plants contain multiple 

Dicer-like genes with the precise siRNA length and interference pathway primarily 

dictated by the dicer enzyme that processed the initial dsRNA (Margis et al., 2006; Small, 

2007). After Dicer processing, a given siRNA is loaded into an Argonaute protein followed 

by association of other dsRNA-binding proteins and selection of the primary RNA strand, 

thus creating the RNA-induced silencing complex (RISC) (Wilson and Doudna, 2013). In 

PTGS, a functional RISC will then bind to complementary RNA and either degrade the 

transcript or prevent translation. Therefore, one cannot conclude the absence of RNAi by 

investigating transcript abundance. 

 In one of the great conveniences of molecular biology, the endogenous RNAi 

machinery can be easily induced by exogenous application of dsRNA. In this way, 

researches can easily downregulate multiple genes of interest by expressing a long, 

concatenated sequence of gene targets as an inverted repeat, thereby forming a double-

stranded, hairpin RNA that elicits RNAi (Figure 1.5). Fascinatingly, RNAi appears 

particularly robust and potent in plants. This is evidenced by the functional diversification 

of the dicer-like enzymes (Margis et al., 2006), greater stringency of micro RNA (miRNA) 

complementarity relative to metazoans (Kamthan et al., 2015), systemic spread of the 

Figure 1.5 RNAi-mediated loss-of-function. Schematic of an RNAi inducing transgene. 
The desired target of RNAi is expressed as inverted repeats separated by a loop region 
that facilitates the formation of a long hairpin RNA structure, resulting in processing by 
the endogenous RNAi machinery. The processed siRNAs then silence the target gene(s) 
either transcriptionally or post-transcriptionally.    
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RNAi trigger (Voinnet and Baulcombe, 1997), graft transmissibility (Palauqui et al., 1997), 

and amplification of the original RNAi trigger through a process termed “transitivity” 

(Himber et al., 2003; Moissiard et al., 2007). Despite the robustness and simplicity of 

induction of RNAi in plants, the plant cell wall presents a non-trivial barrier for RNAi-based 

experiments. Therefore, research into alternative siRNA delivery vehicles, such as with 

carbon nanotubes (Demirer et al., 2020), is an active area of development. On the other 

hand, this problem can be circumvented by prudent selection of a model plant more 

amenable to manipulation, such as the moss Physcomitrella patens.  

As mentioned above, P. patens has emerged as a popular platform to use reverse 

genetics to answer basic cell biological questions (Rensing et al., 2020). Like other plants, 

the genome of P. patens contains multiple gene duplications (Lang et al., 2018), which 

impedes traditional gene knockout approaches. As a result, the use of either long dsRNA 

or artificial micro RNA (amiRNA) to induce RNAi of gene families is frequently 

encountered in the literature (Arif et al., 2013). Long dsRNA-based RNAi appears to be 

the prevalent approach for gene silencing over amiRNA in P. patens, likely due to the 

ease of use and maximization of silencing efficacy. Recall that the dsRNA is processed 

into many unique siRNAs (Figure 1.4b); therefore, opposed to the one unique targeting 

sequence of an amiRNA, the resulting pool of distinct siRNAs likely contains an 

efficacious 21 nucleotide targeting sequence. However, this enhancement comes with 

the potential cost of increased off-target activity. Fortunately, straightforward 

complementation experiments with the targeted gene allow definitive determination of off-

target effects. For example, the 5’ or 3’ UTRs are frequently targeted with dsRNA to 
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enable complementation with the same coding sequence lacking the UTRs, thereby 

evading the RNAi machinery (Vidali et al., 2009; Vidali et al., 2010a). 

Plant tip growth, an extreme variant of traditional polarized growth, has been 

extensively studied in P. patens using RNAi to discover genes involved in this 

fundamental and conserved process (Vidali and Bezanilla, 2012). RNAi-based 

investigation of tip growth using P. patens represents a powerful platform, as phenotypes 

can be identified within one week of transformation with the RNAi construct. Additionally, 

reagents and analysis pipelines are well-established given the wide-adoption of the 

technique. Despite the successes of RNAi in P. patens and plants writ large, two 

fundamental disadvantages remain: variable efficacy of target silencing and the manual 

labor required to isolate silencing plants from a heterogeneous population. A new RNAi 

methodology that addresses both limitations would be an invaluable addition to the plant 

biologist’s reverse genetics toolbox.  

1.9 Concluding Remarks 

Approximately 500 million years ago marks one of the most important events in the history 

of Earth, the land colonization of plants (Rensing, 2018). This event and the subsequent 

expansion and diversification of embryophytes (land plants) was the requisite event for 

creation of modern-day atmospheric oxygen levels, thereby supporting the evolution of 

life on land (Lenton et al., 2016). Despite the length of evolutionary time separating that 

initial event and the present day, a remarkable degree of conservation is found in 

fundamental processes when examining representative extant species between the early 

diverging bryophytes and vascular plants (Delaux et al., 2019). Some of these conserved 

processes were necessary and novel innovations for survival on land, such as the 
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production of flavonoids to absorb harmful UV-B (Wolf et al., 2010) and symbiotic 

relationships with microorganisms to acquire necessary nutrients (Field et al., 2015). 

However, other essential processes, such as cell polarization, pre-date land colonization 

and were likely present in the last common eukaryotic ancestor. Despite the ancient 

history and apparent homology across eukaryotes, we know surprisingly little about how 

plants achieve the extraordinarily organized and self-propagating mechanism of polarized 

growth. To address this critical gap in the plant biology field, this dissertation develops a 

novel tool and integrates it with existing quantitative cell biological and biochemical 

techniques to advance our mechanistic understanding of plant polarized growth.  
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Chapter 2 : Robust survival-based RNAi of gene families using 

in tandem silencing of adenine phosphoribosyltransferase   
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2.1 Abstract 

RNA interference (RNAi) enables flexible and dynamic interrogation of entire gene 

families or essential genes without the need for exogenous proteins, unlike CRISPR-

Cas technology. Unfortunately, isolation of plants undergoing potent gene silencing 

requires laborious design, visual screening, and physical separation for downstream 

characterization. Here, we developed a novel APT-based RNAi technology (APTi) in 

Physcomitrella patens that simultaneously improves upon the multiple limitations of 

current RNAi techniques. APTi exploits the pro-survival output of transiently silencing 

the APT gene in the presence of 2-fluoradenine, thereby establishing survival itself as a 

reporter of RNAi. To maximize silencing efficacy of gene targets we created vectors that 

facilitate insertion of any gene target sequence in tandem with the APT silencing motif. 

We tested the efficacy of APTi with two gene families, the actin-dependent motor, 

myosin XI (a,b), and the putative chitin receptor Lyk5 (a,b,c). The APTi approach 

resulted in a homogenous population of transient P. patens mutants specific for our 

gene targets, with zero surviving background plants within 8 days. The observed 

mutants directly corresponded to a maximal 93% reduction of myosin XI protein and 

complete loss of chitin-induced calcium spiking in the Lyk5-RNAi background. The 

positive selection nature of APTi represents a fundamental improvement in RNAi 

technology and will contribute to the growing demand for technologies amenable to 

high-throughput phenotyping. 

2.2 Introduction 

Loss-of-function studies have long served as building blocks of our understanding of 

biological processes. Currently, the researcher is confronted with an ever-growing toolbox 
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to perturb gene function at the genetic, transcript, or protein level, with each presenting 

its unique challenges and insights (Housden et al., 2017). CRISPR-Cas technology has 

facilitated targeted genetic knockouts in previously intractable systems, but its efficacy is 

limited by accessibility of the genetic locus and is subject to off-target effects (Horlbeck 

et al., 2016; Jensen et al., 2017; Verkuijl and Rots, 2019). Furthermore, genetic knockouts 

cannot isolate essential genes or reversibly interrogate developmental, tissue, or cell 

specific functions of a given gene or splice variant. Importantly, recent work has 

questioned the lasting dogma that genetic knockouts are the “gold standard” loss-of-

function approach (Rossi et al., 2015; Smits et al., 2019). These studies demonstrated 

genetic compensation or residual protein expression, signifying that genetic alterations 

alone are insufficient to directly infer gene function. Therefore, reliable inferences of loss-

of-function studies will require integration of multiple independent approaches (Deans et 

al., 2016), ideally in a high-throughput manner to maximize confidence. 

 RNA interference (RNAi) is a popular gene silencing strategy that does not depend 

upon exogenous proteins, such as Cas9, and enables reversible reduction of protein 

levels through targeted degradation of mRNA (Small, 2007). RNAi’s ease of use and 

flexibility lends itself as an indispensable complement to genetic editing techniques. 

Traditionally, RNAi in plants is induced through expression of long inverted repeats that 

self-base pair to form double-stranded RNA (dsRNA), which is then processed into 

multiple small interfering RNAs (siRNA) and targeted to complementary sequences within 

mRNA (Chuang and Meyerowitz, 2000; Hannon, 2002; Baulcombe, 2004). Importantly, a 

single dsRNA targeting one gene can simultaneously silence multiple genes with 

sufficient similarity, or a single dsRNA can be generated that contains multiple gene 



38 
 

targets in tandem for simultaneous silencing (Vidali et al., 2007a; Li et al., 2013). The 

expression of dsRNAs can be specifically modulated, either through induction or unique 

promoters, which allows developmental and cell-type specific reduction of even essential 

gene products (Byzova et al., 2004; Nakaoka et al., 2012; Miki et al., 2015; Liu and Yoder, 

2016). Despite these advantages, RNAi is hindered by variable efficacy of target gene 

silencing and potential off-target effects (Xu et al., 2006). However, some argue the 

prevalence of off-target effects is overstated (Zimmer et al., 2019), and importantly an 

ideal RNAi experiment should demonstrate rescue of the gene silencing phenotype (Vidali 

et al., 2009; Vidali et al., 2010a; Ding et al., 2018). Work using artificial microRNAs 

(amiRNA) attempts to circumvent the limitations of traditional dsRNA-based RNAi by 

engineering a single siRNA (Schwab et al., 2006; Gutierrez-Nava et al., 2008). Although 

amiRNA technology ameliorates possible off-targets derived from the initial dsRNA, 

evidence in Physcomitrella patens showed generation of additional siRNAs upon 

cleavage of the amiRNA target, potentially negating the specificity of the amiRNA 

(Khraiwesh et al., 2008). Furthermore, amiRNAs display variable silencing efficiency, 

thereby necessitating screening of multiple amiRNAs and limiting experimental 

throughput (Li et al., 2013; Zhang et al., 2018). To date, no RNAi method addresses 

another potential source of variability of silencing: transcriptional silencing of the RNAi 

transgene itself, likely mediated by DCL3 (Morel et al., 2000; Fusaro et al., 2006; Small, 

2007). 

 Generation and characterization of loss-of-function mutants using gene silencing 

methods is fundamentally a two-step process: (1) the molecular mechanism resulting in 

gene silencing; (2) the identification and isolation of your target undergoing gene silencing 
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to further characterize. Recent advancements in gene silencing technologies focused on 

enhancing the flexibility and robustness of (1) (Hauser et al., 2013; Zhang et al., 2018) 

but fail to address the practical limitations imposed by (2). Identification of actively 

silencing mutants has been eased by coupling the silencing target of interest to a reporter, 

such as a nuclear-localized fluorescent protein (Bezanilla et al., 2005a; Vidali et al., 

2007a; Vidali et al., 2010a; van Gisbergen et al., 2018a; Zhang et al., 2018). When paired 

with an automated or semi-automated image acquisition and analysis pipeline the burden 

of identifying silencing mutants is substantially mitigated (Wu and Bezanilla, 2012; Galotto 

et al., 2019). Nevertheless, the tedium of manually isolating silencing plants remains. This 

limitation is a consequence of traditional gene-silencing construct design, whereby the 

silencing module is regulated independently from the selectable marker. A typical gene-

silencing experiment will contain a heterogeneous population of actively silencing plants, 

presumably a result of the plant silencing the exogenous silencing module to rescue itself 

(Fusaro et al., 2006; Khraiwesh et al., 2010). This transcriptional-based silencing not only 

increases variability of target silencing, but when coupled with visual screening it 

exacerbates the manual labor required to isolate mutants. Therefore, downstream 

characterization of silencing plants, such as qPCR and western blots is stymied. 

Furthermore, certain reporter-based silencing limits the experimental scope to testing only 

within established reporter lines, (Bezanilla et al., 2003a; Nakaoka et al., 2012). For 

example, using a fluorescent reporter to infer silencing could complicate the subsequent 

use of other fluorescent outputs, such as biosensors or fluorescent fusions for protein 

localization, to characterize mutant function. 
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 Here, we generated a modular, Gateway-based, RNAi construct that couples 

silencing any gene(s) of interest in tandem with silencing of adenine 

phosphoribosyltransferase (APT-interference/APTi). This approach results in near 

undetectable levels of background (non-silencing) transformants, thereby trivializing the 

identification and isolation of actively silencing plants to the simple observation and 

harvesting of all living plants. Unlike traditional antibiotic positive selection followed by 

visual screening, our new construct simultaneously selects for transformation and 

silencing through positive selection alone. We achieved this by exploiting the ubiquitous 

selectable marker system APT, which converts purine analogs to cytotoxic nucleotides 

(Schaff, 1994). The APT loss-of-function selection system has been successfully used in 

plants (Moffatt and Somerville, 1988; Charlot et al., 2014), mammals (Schaff et al., 1990), 

and bacteria (Levine and Taylor, 1982), but to our knowledge, all experiments with APT 

involve stable genetic mutants. To quantitatively evaluate the performance and 

robustness of our APTi system, we separately targeted two gene families, myosin XI (a,b) 

and Lyk5 (a,b,c), using the plant model organism Physcomitrella patens. Targeting the 

myosin XI family using APTi resulted in an exclusively mutant surviving population, 

displaying the characteristic loss-of-growth growth phenotype (Vidali et al., 2010a) and a 

>90% reduction of target myosin XI protein abundance. Additionally, APTi enabled rapid 

functional analysis of the previously uncharacterized P. patens Lyk5 chitin receptor family, 

which resulted in complete desensitization of P. patens to chitin. Together, APTi-based 

silencing efficacy far surpasses other dsRNA-based methods (Vidali et al., 2007a; Vidali 

et al., 2010a; Nakaoka et al., 2012; Guo et al., 2019), is comparable to silencing 
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efficiencies for optimized amiRNAs (Zhang et al., 2018), and simplifies downstream 

analysis for functional genomics. 

2.3 Results 

2.3.1 Development of A Novel Positive Selection RNAi Methodology Based on 

Endogenous APT Activity 

Current RNAi methods produce a range of phenotype severity due to variable silencing 

efficiencies. This variability necessitates optimization experiments that screen fluorescent 

reporters to maximize silencing by gene sequence targets (Li et al., 2013; Zhang et al., 

2018). We sought to simultaneously improve RNAi silencing efficiency and streamline 

characterization of RNAi mutants by coupling silencing of the gene target with a survival 

advantage. Previous work in P. patens directly coupled the sequence of a stably 

integrated, constitutively expressed reporter, such as a fluorescent protein and/or GUS, 

to the gene target sequence in inverted repeats (Bezanilla et al., 2003a; Bezanilla et al., 

2005a; Nakaoka et al., 2012). Therefore, expression would result in dsRNA formation and 

co-reduction of the intracellular reporter and the coupled target gene. We reasoned that 

coupling of a lethal reporter sequence in tandem with any other gene sequence would 

result in maximal co-silencing to ensure silencing of the lethal reporter, thereby promoting 

survival. 

 The adenine phosphoribosyltransferase (APT) gene has been frequently used as 

a reporter to evaluate gene-targeting efficiency (Schaefer, 2001; Charlot et al., 2014). 

Functional APT converts adenine analogs, such as 2-fluoroadenine (2-FA), to cytotoxic 

nucleotides (Schaff, 1994). Therefore, sufficient reduction of APT activity will impart 

resistance to 2-FA, but this has only been demonstrated in genetic knockouts. To test if 
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silencing of PpAPT (Pp3c8_16590) effectively conferred survival to plants grown on 2-

FA, we inserted an APT targeting sequence into a previously developed RNAi vector that 

also contains a reporter targeting sequence (Bezanilla et al., 2005a). To maximize 

silencing efficacy, we generated an APT targeting sequence consisting of the 5’ UTR (179 

bp) and first 210 bp of the APT gene. The APT silencing construct (APT-RNAi) conferred 

resistance to wild-type P. patens cultured on 1.25 μg/mL 2-FA, whereas zero plants 

survived on 2-FA when transformed with a control plasmid lacking the APT silencing 

sequence (Control-RNAi) (Figure 2.1a). This result clearly establishes survival on 2-FA 

paired with APT targeting as a conspicuous phenotypic reporter of active silencing. 
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 Our previous APT silencing experiment demonstrated feasibility, but further 

development of the technique was constrained by the available construct. As mentioned 

above, the first iteration of the APT-based interference (APTi) was inserted into a vector 

created specifically for RNAi (Bezanilla et al., 2005a). This construct included a pair of 

inverted Gateway® sites coupled to a target sequence (GUS) for an internal reporter of 

active silencing. The reporter sequence targeted a nuclear-localized GFP:GUS fusion 

protein, thereby requiring the use of a special transgenic line for RNAi experiments 

(Bezanilla et al., 2003a). In principle, our novel APTi would not require any specific moss 

line, and instead would permit the researcher to perform RNAi experiments in any genetic 

background. Therefore, we replaced the GUS reporter target sequence with the APT 

target sequence, while maintaining the inverted Gateway® cassettes and loop region and 

named the construct pGAPi (Figure 2.1b). This construct allows straightforward insertion 

of any gene sequence and ensures fusion to the APT target, thus permitting inference of 

Figure 2.1 Proof-of-principle and construction of APT-based RNAi (APTi) vectors to 
enable positive selection of actively silencing plants. A, Illustration of the APT-interference 
positive selection principle: plants are transformed with a vector that creates a long 
dsRNA hairpin targeting the APT gene, thereby reducing endogenous APT levels and 
subsequent production of cytotoxic nucleotides when supplemented with 2-fluoroadenine 
(2-FA). Targeting APT using RNAi is sufficient for transformed plants to grow on standard 
PpNH4 medium supplemented with 1.25 μg/mL 2-FA. B, Schematics of the APT-based 
RNAi vectors. The pAPi (plasmid APT RNAi) and pGAPi (plasmid Gateway® APT RNAi) 
constructs were created using the pUGi and pUGGi vectors, respectively, from Bezanilla 
et al., 2005 as templates. The thin black arrows indicate the direction of the open reading 
frame, and the inverted repeat regions of both constructs are flanked by a constitutive 
maize ubiquitin promoter (thick black arrow) and a NOS terminator sequence (black 
rectangle). Both constructs target the 5’ UTR (blue rectangle, 179 bp) and coding 
sequence (green rectangle, 210 bp) of the APT gene. pAPi contains only the loop (red 
rectangle, 402 bp in pAPi, 392 bp in pGAPi) region within the inverted repeat, whereas 
pGAPi contains inverted Gateway® sites to facilitate insertion of target sequence. The 
target may be unique to gene X, or if the target sequence is conserved the user can 
simultaneously silence multiple targets in tandem with APT silencing, thereby enabling 
survival of silencing plants 
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gene silencing within surviving plants. Importantly, entire gene families can be targeted 

by simple insertion of a conserved sequence of approximately 400 bp, or concatenation 

of individual target sequences followed by cloning into our pGAPi (Figure 2.1b). 

Additionally, we created another APTi construct, named pAPi, which lacks the internal 

Gateway® cassettes to serve as a “positive control” for any RNAi experiment (Figure 

2.1b). Together, these constructs serve as the foundation for our novel APT-based RNAi 

(APTi) that advances positive selection as an effective reporter of gene silencing. 

2.3.2 APTi Experimental Design for High-throughput Phenotyping  

Although our APTi system clearly selects for silencing plants cultured over a two-week 

period by visual inspection (Figure 2.1a), we sought to establish a rapid, semi-automated 

microscopy assay using APTi for plant phenotyping. A fundamental attribute of any high-

throughput assay is the effective and automated discrimination between objects of 

interest and background that co-occupy the same space. Our APTi system simplifies the 

problem of automated separation. Unlike fluorescence reporter systems where the 

reporter signal is continuous and exhibits natural variation, APTi reduces separation of 

silencing and non-silencing plants to the binary decision of alive or dead. We reasoned 

that chlorophyll autofluorescence could function as a proxy for plant survival, thereby 

enabling automated detection of alive, and therefore actively silencing, plants. In principle, 

all plants successfully transformed with a construct silencing APT, pAPi (Figure 2.1b), will 

survive on 2-FA medium, whereas plants transformed with an RNAi construct silencing a 

non-existent reporter, pUGi (Bezanilla et al., 2005a), will die. 

 We tested this by using the experimental design illustrated in Figure 2.2. P. patens 

protoplasts were transformed with either pAPi or pUGi, allowed to regenerate for 4 days, 
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then transferred to growth medium supplemented with 1.25 μg/mL 2-FA. Importantly, 

during the optimization phase of this assay we observed substantial variability in the 

outcome of 2-FA selection. We empirically determined that starting the selection four days 

post-transformation and making the 2-FA selection plates fresh on the day of selection 

mitigated essentially all experimental variability. We strongly suggest first optimizing the 

2-FA selection concentration when applying the APTi system, as our results were all 

obtained using a single lot of 2-FA from Oakwood Chemical, SC, USA. 
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 Figure 2.2 Experimental strategy and timeline for the novel APTi system. A, Optimized 
experimental pipeline for transient transformation of P. patens protoplasts and high-
throughput acquisition and analysis for the APTi system. Images are a subsection of the 
entire plate area and demonstrate the characteristic difference in survival between 
conditions that do (pAPi) or do not (pUGi) silence APT. The scatter plot determines the 
background threshold value, which is based upon the maximal observed chlorophyll 
signal in the Control-RNAi condition (pUGi, blue dots). Each point corresponds to an 
individual plant, where the points are pooled from three independent experiments. B, 
Timeline of events for an APTi assay. Typically, each condition is plated in at least 
duplicate for adequate sample abundance for both imaging and molecular analyses.  
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 Following four days on 2-FA supplemented growth medium, cultures were 

removed from the growth chamber for protein extraction and microscopy analysis (Figure 

2.2b). To facilitate high-throughput phenotyping and remove human bias, we used an 

epifluorescent microscope equipped with an automated stage integrated with image tiling 

and stitching software. This enabled large region-of-interest acquisition, with the size of 

the ROI only constrained by the memory available to the computer. For our experiments, 

every composite image is constructed from a 12x12 grid of single images, with a 15% 

overlap, which corresponds to an ROI surface area of approximately 1.8 cm2. 

 To simplify downstream image segmentation all plants were stained with calcofluor 

to label the cell wall before imaging. Each individual image contained two channels, the 

chlorophyll autofluorescence and the calcofluor signal. Visualization of the chlorophyll 

signals of APT-RNAi and Control-RNAi clearly reveals the efficacy of the APTi system: 

not a single plant with endogenous APT survives and does not markedly grow beyond 

the initial regeneration size (Figure 2.2a). This result is reproducible, as the chlorophyll 

signal across three independent experiments for Control-RNAi plants consistently 

clustered below a characteristic intensity (Figure 2.2a). We used chlorophyll intensity 

parameter as a threshold, from which we functionally partitioned a mixture of plants on a 

plate into alive (silencing) and dead (non-silencing) plants (Figure 2.2a). The alive or dead 

classification ensured that the morphometric parameters extracted from the image 

analysis pipeline was confined to only alive, and therefore silencing, plants. Therefore, it 

stands to reason that when using our APTi system any statistically supported observed 

difference between control and treatment plants is directly attributable to silencing of the 

targeted gene(s). 
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2.3.3 The APTi System Silences the Myosin XI Family with High Efficacy  

We demonstrated that silencing of APT permits potent positive selection of actively 

silencing plants (Figure 2.2a), but we sought to extend APTi to mutant analysis. We 

reasoned that insertion of a target sequence into our APTi vector (Figure 2.1b) would 

produce in tandem silencing of APT and the target gene. To test this hypothesis we 

exploited the well-characterized transient myosin XI(a+b) RNAi mutant that produces a 

dramatic loss of polarized growth phenotype (Vidali et al., 2010a). Furthermore, the 

myosin XI(a+b) mutant was previously generated using a fluorescent reporter-based 

RNAi strategy, allowing a direct comparison of methodology. 

 In P. patens, the myosin XI gene family contains two functionally redundant 

isoforms, XIa and XIb, which are both expressed in protonemata (Vidali et al., 2010a). To 

simultaneously silence both myosin XI genes and allow for rescue experiments, we 

created an APTi construct that contains a concatenated 5’ UTR sequence derived from 

both isoforms of myosin XI. We named this construct ‘myoUTi(a+b)’, and it resulted in a 

striking recapitulation of the myosin XI phenotype (Figure 2.3a). Impressively, nearly 

every surviving plant manifested the characteristic “bunch of grapes” morphological 

phenotype (Figure 2.4). This is exemplified by the relatively narrow distributions of the 

APTi myosin XI knockdown in the two morphology parameters, solidity and area (Figure 

2.3b). We speculate the survival advantage inherent to our APTi method could reduce 

phenotypic variability sometimes observed in RNAi experiments. 
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Figure 2.3 The APTi system robustly silences the myosin XI family in Physcomitrella 
patens. A, Representative images of 8-day old plants regenerated from protoplasts 
transformed with APTi vectors targeting APT alone (pAPi), APT in tandem with a 
concatenated 5’ UTR sequence for myosin XIa and XIb (myoUTi), targeting a non-existent 
GUS sequence (pUGi), or myoUTi co-transformed with a construct overexpressing 
myosin XIa’s coding sequence. All images are cropped from composite images that 
capture a large sample area for an individual condition, as shown in Figure 2A. For every 
condition, each image corresponds to an independent experiment. Chlorophyll 
autofluorescence is colored magenta and calcofluor signal is colored green. Scale bar = 
100 μm. B, Quantification of morphometric parameters solidity and area from three 
independent experiments. Area is normalized to the mean area of the pAPi condition, 
which represents near wild-type growth morphology. pAPi, n= 270; myoUTi, n = 125; 
myoUTi + XIa CDS, n = 178. Letters indicate statistical difference (P < 0.001) between 
groups as determined by one-way ANOVA with post-hoc Tukey test. C, Western blots 
demonstrating the reduction and restoration of myosin XI protein levels when using the 
novel APTi system. Each experiment represents an independent transformation and 
subsequent plant harvesting and western blotting. 10 μg of total protein was loaded per 
lane. Myosin XI was probed using a polyclonal antibody generated against the myosin 
XIa coiled-coil tail (CCT) fragment from Physcomitrella patens and α-tubulin was used as 
a loading control. D, Densitometry of western blot signals was performed using ImageJ 
and shows an approximate 90% reduction of myosin XI and a complete rescue of myosin 
XI protein levels when compared to the pAPi control.  
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Figure 2.4 The APTi system reduces variability in observed mutant phenotype. Each 
image is a composite of a 12x12 grid of individual images, which were automatically 
acquired at a 15% overlap using a Zeiss Axiovert 200M epifluorescent microscope 
covering a surface area of 180 mm2. The composite image was stitched together using 
Zeiss’ AxioVision 4. The plants were stained with calcofluor (blue) and were sequentially 
imaged with the chlorophyll signal (red). Scale bar = 1 mm  
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 We inquired whether this phenotype could be rescued in the APTi system by co-

transforming the myoUTi(a+b) construct with a plasmid expressing only the coding 

sequence of myosin XIa, “XIa CDS,” thereby evading the silencing construct that targets 

the 5’ UTR. We observed near complete rescue of the myosin XI phenotype (Figure 

2.3a,b), demonstrating an absence of off-target effects and, more importantly, highlighting 

the rapid phenotyping utility of the APTi system when coupled with P. patens. Within 8-

days our APTi system isolated through positive selection a relatively homogenous 

population of mutant plants, which are amenable to rescue. Our APTi system produced 

average myosin XI mutant morphological parameters similar to a myosin XI mutant 

derived from RNAi using an internal GFP reporter system (Vidali et al., 2010a), but without 

non-silencing background plants. Together, these results support our prediction that 

aberrant morphologies observed using the APTi system are caused by silencing of the 

conjugated target, in our case myosin XI. 

 As our novel APTi approach removes essentially all background, we asked if the 

previously intractable problem of reliable protein quantification could be trivialized to 

harvesting all material present on the 2-FA plate. To accurately quantify myosin XI protein 

abundance using our APTi method, we first established the linear range of our antibodies. 

To reflect our RNAi experimental conditions, we transformed wild-type moss with pAPi, 

grew on medium supplemented with 2-FA, then harvested the entire plate at 8-days post-

transformation. Total protein was determined using a Bradford microplate microassay 

(Bio-Rad), then a range of total protein (1-20 μg) was probed using both an in-house 

developed antibody against myosin XIa’s coiled-coil tail (CCT) region and a publicly 
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available anti-alpha tubulin antibody (DSHB: AA4.3). This approach revealed an 

approximate linear range for both antibodies from 5-20 μg total protein (Figure 2.5a). 

Importantly, under equivalent conditions our limit of detection for endogenous, wild-type 

myosin XI is approximately 1 μg total protein (Figure 2.5a). This step is essential, as it 

allows for confident, semi-quantitative estimation of the extent of protein reduction. 

Without this, the wild-type protein of interest could be loaded at or very near the limit of 

detection, resulting in a complete absence of protein signal in the RNAi condition even if 

the true reduction is modest. 
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Figure 2.5 Determination of the linear range of used antibodies and long-term 
reproducibility of western blots using the APTi system. A, Western blot demonstrating an 
overlap of the linear ranges for both the myosin XIa-CCT and α-tubulin antibodies. All 
experiments used either 10 or 15 μg of total protein. B, Two western blots from 
independent APTi experiments at two weeks post-transformation. 15 μg of total protein 
was loaded per lane. C, Densitometry was performed using ImageJ and signal was 
normalized to the α-tubulin loading control.  
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 We performed an APTi experiment for myosin XI, as shown in Figure 2.3, and 

harvested at 8-days post-transformation. Every condition was implemented in at least 

duplicate to allow for both harvesting of plants and our phenotyping assay (Figure 2.2). 

In this way, the results of our protein analysis directly reflect the internal protein 

abundance and corresponding morphologies we observe in the phenotyping assay 

(Figure 2.3a). We observed a dramatic decrease of myosin XI in the “myoUTi” condition, 

which when normalized to α-tubulin results in a maximal 93% reduction relative to the 

control (“pAPi”). Additionally, the rescued mutant morphology precisely corresponds to 

an almost wild-type restoration of myosin XI levels (Figure 2.3c,d). Of note, these results 

are consistent across independent experiments and results in an average silencing 

efficiency of 90% (Figure 2.3c,d). We explored the longevity target silencing using APTi 

by probing myosin XI at two weeks post-transformation. Although less potent than at 8-

days post-transformation (Figure 2.3), myosin XI levels are still substantially reduced 

(Figure 2.5b,c), opening the possibility for long-term phenotyping. At the longer time, the 

rescue condition is noticeably weaker than at the short time point. We attribute this to loss 

of the myosin XI expression plasmid, as it is not under selection. Taken together, these 

data establish that aberrant phenotypes observed using our APTi system are directly 

attributable to reduction of target protein abundance. 

2.3.4 APTi-based Silencing of the Lyk5 Family Disrupts P. patens’ Response to 

Chitin Oligosaccharides 

Despite the success of the APTi system when applied to myosin XI, we could not discount 

the possibility that myosin XI was particularly amenable to APTi and alternative gene 

targets would yield less favorable results. To address this concern, we reasoned that the 
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Lyk5 gene family of P. patens presents an excellent candidate to test the robustness and 

potential for functional discovery using APTi. In Arabidopsis, LYK5 is a member of a gene 

family of lysin-motif (LysM) containing proteins and functions as a receptor for the fungal 

polysaccharide chitin, likely in concert with CERK1 (Cao et al., 2014). LYK5, together with 

LYK4 in Arabdiopsis, functions redundantly in chitin perception, with the lyk4 lyk5 double 

mutant losing all chitin sensitivity (Cao et al., 2014). Like Arabidopsis, application of chitin 

to P. patens elicits calcium transients (Galotto et al., 2020), resulting in the upregulation 

of a downstream defense response (Oliver et al., 2009; Alvarez et al., 2016); however, 

the mechanism of chitin perception in P. patens is unknown. Previous work has identified 

the putative ortholog of the co-receptor CERK1 in P. patens (Bressendorff et al., 2016); 

however, the ortholog of LYK5 chitin receptor is still unidentified. Phylogenetic analysis 

revealed a monophyletic group of three putative Lyk5 genes in P. patens (Pp3c7_26350, 

Pp3c9_5820, Pp3c1_6050), which are homologous at the amino acid level to the 

LYK2/4/5 clade in Arabidopsis (Figure 2.6). Importantly, LYK2 expression is extremely 

low in Arabidopsis, thus limiting our functional interpretations to LYK4/5 (Liang et al., 

2014). Our gap in understanding of how P. patens senses pathogenic fungi coupled with 

sequence homology between the LYK2/4/5 gene family of Arabidopsis and the Lyk5a/b/c 

family of P. patens presents an opportune test for our APTi system. 
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Figure 2.6 Phylogenetic tree of Lyk genes from P. patens and other selected plant and 
alga species. Amino acid sequences from the full-length proteins were aligned with 
ClustalW, and a maximum likelihood consensus tree constructed with PHYML using the 
LG substitution model and 100 bootstraps in Geneious software. Numbers represent 
consensus support values for each branch above 50%. Pp – Physcomitrella patens, Mp- 
Marchantia polymorpha, At- Arabidopsis thaliana, Cb- Chara braunii, Os- Oryza sativa, 
Kf- Klebsormidium flaccidum. K. flaccidum’s sequence was used for rooting the tree.  
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 To simultaneously target all three P. patens Lyk5 genes, we concatenated three 

separate sequences derived from the coding sequences of Lyk5a,b,c and cloned this into 

our novel pGAPi vector, producing the ‘Lyk5-RNAi’ construct. Based on our phylogenetic 

analysis, we hypothesized the Lyk5 family in P. patens is functionally homologous to 

LYK4/5 in Arabidopsis. Therefore, we predicted depletion of all three Lyk5 isoforms using 

APTi will result in a population of surviving plants that fail to elicit calcium spikes when 

stimulated with chitin oligosaccharides. To test this, we transiently transformed plants 

expressing the calcium sensor GCaMPf6 (Nakai et al., 2001; Chen et al., 2013; Galotto 

et al., 2020) with our Lyk5-RNAi construct, transferred plants to selection 4-days post-

transformation, then randomly selected plants at 8-days post-transformation for chitin 

treatment and imaging (Figure 2.7a). Plants only targeting APT displayed calcium spikes 

indistinguishable from wild-type when treated with chitin (Figure 2.7b), and the quantified 

parameters (Figure 2.7c, d) are consistent with previous results (Galotto et al., 2020), 

suggesting APT-RNAi alone has no influence on the output of our assay. When treated 

with Lyk5-RNAi, plants are rendered entirely insensitive to chitin (Figure 2.7b). 

Furthermore, the characteristic dose dependence of calcium signal on external chitin is 

abolished (Figure 2.7c) and calcium oscillations are non-existent when targeting the entire 

Lyk5 family (Figure 2.7d).  
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Our preliminary experiments silencing only two of the three Lyk5 genes showed calcium 

spikes in response to chitin, suggesting we are targeting all three genes with our Lyk5-

RNAi construct. Additionally, as only the double knockout lyk4 lyk5 mutant in Arabidopsis 

loses all chitin sensitivity (Cao et al., 2014), we conclude our APTi-based silencing of the 

Lyk5 family is functioning with high efficiency in order to phenocopy a double knockout 

mutant in Arabidopsis. Importantly, these results elucidate functional homology of the 

LYK4/5 genes between Arabidopsis and P. patens, whereby Lyk5 functions at the level 

of chitin perception. Previous work demonstrated that P. patens CERK1 rescues the 

Arabidopsis cerk1 mutant (Bressendorff et al., 2016), strongly supporting a conserved 

mechanism of chitin sensing. Altogether, our findings demonstrate the robustness and 

versatility of our novel APTi system for mutant isolation and characterization. 

 

Figure 2.7 Simultaneous silencing of the Lyk5 gene family with APTi abolishes chitin-
induced calcium transients. A, Schematic of APTi-based functional assay of Lyk5. Control 
RNAi plants treated with chitin elicit calcium transients, visualized with GCaMP. 
Simultaneous depletion of the Lyk5 receptor family (a,b,c) using APTi desensitizes the 
plants to chitin, resulting in loss of calcium spikes. B, 8-day old plants treated with 20 
mg/mL chitin oligosaccharides. Time stamps are min:sec. Dark blue indicates plant 
autofluorescence, where aqua to red reflects an increase of calcium signal. “Wild-type” 
represents GCaMPf6 in the Gransden background. C, Dose response of P. patens’ 
calcium signal to chitin application for control RNAi plants and plants transformed with an 
APTi construct targeting all three Lyk5 genes. Time-averaged mean gray value (left plot) 
and the standard deviation (Std. Dev.) of the time-averaged mean gray value (right plot) 
are normalized by (F – F0)/ F0 for both conditions. All data points are the mean of at least 
three plants pooled from three independent experiments. D, Characterization of calcium 
transients within a 30 minute observation period, as in A, across multiple concentrations 
of chitin. All points represents an individual plant, pooled across three independent 
experiments. Bars represent the mean ± the standard error of the mean. Each condition 
was compared against itself across concentrations, with an asterisk representing a 
statistical difference between that condition and its corresponding water control. Statistics 
were performed with a Kruskal-Wallis one-way non-parametric ANOVA, followed by a 
Dunn’s multiple comparisons test. *p<0.001       



62 
 

2.4 Discussion 

RNAi offers an invaluable complement to traditional gene knockout studies. However, 

substantive advancements in RNAi methods are trailing the explosion of CRISPR/Cas-

based technologies. Here we established the first survival-based RNAi methodology that 

robustly selects for actively silencing plants. We accomplished this by engineering vectors 

that elicit a pro-survival response when processed by the organism’s endogenous RNAi 

machinery. Using the previously characterized myosin XI mutant in P. patens as an initial 

case study, we showed that in tandem fusion of a myosin XI target with the pro-survival 

sequence resulted in potent selection of morphologically mutant plants. We demonstrated 

that surviving plants actively targeting myosin XI through our novel vectors contained 

approximately 7% of normal myosin XI protein abundance. Additionally, using APTi 

facilitated the silencing of the Lyk5 family and resulted in moss plants completely 

insensitive to chitin-induced calcium spikes. To our knowledge, this is the first evidence 

demonstrating the function of Lyk5 in P. patens, and supports the notion of conservation 

in fungal perception between vascular and non-vascular plants. Our APTi technology 

represents a dramatic improvement in silencing efficacy and experimental 

implementation over previous RNAi methods. 

 RNAi has been extensively employed in the model moss Physcomitrella patens for 

both discovery and validation of gene function (Vidali et al., 2007a; Augustine et al., 2008; 

Prigge et al., 2010; Vidali et al., 2010a; Augustine et al., 2011; Wu et al., 2011b; Miki et 

al., 2015; Bascom et al., 2019b). We attribute the popularity of dsRNA-based RNAi in P. 

patens to a method that uses an internal fluorescent reporter of RNAi to obtain results in 

one week (Bezanilla et al., 2003a). We sought to fundamentally improve upon RNAi 
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reporters by creating a reporter where survival itself is indicative of active silencing. We 

demonstrated the feasibility and effectiveness of this approach by silencing the APT gene 

in the presence of 2-FA in the medium. Furthermore, we engineered two plasmids that 

facilitate insertion of any target of interest in tandem with the APT-silencing sequence. 

We call this novel approach APT-based RNA interference, or APTi. To achieve rapid 

phenotyping using APTi, all experiments were performed in transient. Modifications of the 

APTi plasmids to promote stable integration and induction of the silencing cassette 

represent an important area of future work. Both APTi plasmids and the myosin XI-RNAi 

plasmid are publicly available from the plasmid repository Addgene. 

 We obtained potent positive selection of actively silencing plants in Physcomitrella 

patens by engineering RNAi vectors that exploit the function of the APT gene. However, 

the physiological consequences of APT silencing remain in question. Although a salvage 

enzyme, APT’s function presents a more energetically efficient means of nucleotide 

production than de novo synthesis (Ashihara et al., 2018). Consequently, knockouts of 

APT in vascular plants demonstrate severe defects in pollen germination and pollen tube 

growth, presumably a result of impairing the energy-intensive fast growth of the pollen 

tube (Moffatt and Somerville, 1988; Zhou et al., 2006). Interestingly, an alternative mutant 

allele of APT that results in partial reduction of APT activity imparts enhanced growth and 

stress tolerance (Sukrong et al., 2012). We suspect this hypomorphic allele better 

represents the internal state of our APT-silenced plants. Taken together with our 

observations of APT-silencing plants reproducing results achieved with an orthogonal 

RNAi system and APT-RNAi plants displaying calcium spikes consistent with wild-type, 
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we conclude the reduction of APT results in no clear physiological defects within the 

scope of our assays. 

 We expect our APTi strategy to be applicable to other organisms given the ubiquity 

of the APT gene (Schaff, 1994). Like other organisms, such as in humans, Physcomitrella 

patens contains only one copy of APT making it especially amenable to the APTi strategy 

as we showed. Interestingly, the vascular plant Arabidopsis thaliana contains five APT 

genes (Allen et al., 2002). We suspect APTi could be applied in A. thaliana by constructing 

an APT-silencing module comprised of concatenated sequences targeting specific 

isoforms. Additional work is necessary to translate to other systems, but we submit that 

our efforts establishing APTi in P. patens will greatly benefit the community in 

understanding fundamental and conserved biological processes (Orr et al., 2020a). 

 Previous work using the fluorescent reporter-based RNAi identified silencing 

plants based on loss of fluorescence (Bezanilla et al., 2003a). However, slight reduction 

in fluorescence confounded interpretation because it could be attributed to natural 

variation in the reporter signal or reflect a real, but modest, silencing effect. Furthermore, 

in our hands we observed spontaneous loss of reporter signal in the moss reporter line 

over long periods of continuous propagation. Without careful observation and subcloning 

to remove chimeric reporter cultures, a researcher could inadvertently conclude silencing 

when none is occurring. Our APTi system simultaneously removes the requirement of a 

dedicated moss reporter line and dismisses any ambiguity inherent to a continuous 

reporter signal. We demonstrated the utility of this advancement in our investigation of 

Lyk5 by transforming our APTi-based construct into a moss line expressing the calcium 

sensor GCaMP6f (Galotto et al., 2020). This saved considerable time, as the previous 
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RNAi methodology would require creation of a new transgenic line that contains the RNAi 

GFP reporter and a non-GFP-based calcium sensor. 

 Interestingly, prior RNAi methods can result in background plants that survive 

antibiotic selection for the plasmid containing the RNAi transgene but do not silence the 

reporter. This is likely a result of transcriptional gene silencing, whereby the plant rescues 

itself from RNAi transgene expression but expression of the independently regulated 

antibiotic resistance is unmodified (Morel et al., 2000; Fusaro et al., 2006; Small, 2007). 

We hypothesize our method enhances silencing efficiency by engineering a fitness 

punishment for the organism to silence the RNAi transgene. To this end, with APTi 

survival on 2-FA is directly coupled to expression of the APT-RNAi transgene. Therefore, 

the organism cannot survive if it silences the expression of the RNAi cassette, thus 

ensuring expression of the APT + gene target hairpin. Although we did not determine the 

extent of APT silencing, we know the reduction is sufficient to promote survival on 2-FA 

and produce a 90% reduction of a fused target, myosin XI, or complete loss of detectable 

calcium signal when all three Lyk5 genes are targeted. 

 We speculated that the enhanced fitness benefit imposed by our APTi system will 

result in more consistent and potent silencing efficiencies of target genes. Consistent with 

this, we observed a homogenous population of mutants evidenced by a 90% reduction of 

endogenous myosin XI and total loss of chitin sensitivity when targeting myosin XI(a,b) 

and Lyk5(a,b,c), respectively. APTi offers a noticeably higher silencing efficacy when 

compared to previous reports using dsRNA and GFP-based reporters in P. patens (Vidali 

et al., 2007a; Vidali et al., 2010a; Nakaoka et al., 2012). Importantly, previous reports 

could only estimate protein silencing based on a small subset of individual plants 
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deliberately chosen by the experimenter, which may not accurately reflect the average 

silencing effect (Vidali et al., 2007a; Augustine et al., 2008; Vidali et al., 2009; Vidali et 

al., 2010a). This microscope-based methodology was required because mutants resulting 

in small morphologies failed to yield adequate plant material for immunoblots, and were 

surrounded by non-silencing background plants. We demonstrated that APTi’s positive 

selection enables simple harvesting of the entire plate that can be easily scaled for 

reproducible protein quantitation. Based on our observed myosin XI knockdown, our APTi 

silencing efficacy is comparable to the most effective amiRNAs (Zhang et al., 2018), but 

without the need for prior engineering and screening of multiple amiRNAs. Furthermore, 

performing our Lyk5 functional assay with prior GFP-based RNAi would require an 

additional time-consuming and tedious pre-screening step, where actively silencing 

plants are physically isolated from the non-silencing background. With APTi, any surviving 

plant can be chosen at random for functional analysis, greatly enhancing the throughput 

and likely the consistency of the results. 

 We showed that the APTi system is well suited for high-throughput phenotyping. 

We fully anticipate this area to be iteratively improved, not just with respect to the volume 

of acquisition but with increased computational sophistication. The large obtainable data 

sets are ripe for both classic exploratory data methods and cutting-edge deep learning 

techniques. For example, we analyzed living plants by first segmenting the images by 

traditional thresholding. We then filtered and classified the hundreds of plants based on 

a characteristic biological feature, chlorophyll autofluorescence, which we derived from 

the Control-RNAi dying population. Although less intuitive, deep-learning offers the 
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possibility of automating image segmentation and classification, perhaps resulting in 

discovery of novel mutant features (Moen et al., 2019). 

2.5 Conclusions 

This work represents a fundamental transition from visual screening for RNAi plants to 

positive selection of actively silencing plants. We achieved this by engineering vectors 

that produce a single hairpin RNA targeting the APT gene and any other genes of interest 

in tandem. This results in effective isolation of all surviving plants undergoing RNAi of the 

target gene when grown in the presence of 2-FA. Importantly, the efficacy of gene-

silencing was consistently greater with the APTi system, maximal 93% reduction of target 

protein, than previous reports silencing the same myosin XI genes using a fluorescent 

screening method. Additionally, with APTi we simultaneously silenced the Lyk5 gene 

family (a,b,c) and demonstrated their requirement for perception of chitin 

oligosaccharides in P. patens. We believe our APTi system provides a flexible, fast, and 

effective platform with unprecedented low background and variability to facilitate high-

throughput characterization for loss-of-function mutants. 

2.6 Materials and Methods 

2.6.1 Plant Materials and Culture Conditions 

Three Physcomitrella patens lines were used in this study: (1) NLS4 (Bezanilla et al., 

2003a) in Figure 2.1a; (2) GCaMP6f called “wild-type” in Figure 2.7 (Galotto et al., 2020); 

(3) “wild-type” Gransden (Ashton et al., 1979) all other experiments. All lines were 

cultured as previously described (Vidali et al., 2007a). In brief, tissue was propagated 

weekly by homogenization and transferred to solid PpNH4 medium overlaid with 
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cellophane. Cultures were grown at 25OC under long-day light (90 μmol m-2 s -1) 

conditions (16 h : 8 h, light : dark). 

2.6.2 APT-based RNAi Construct Design 

The APT transcript fragment (Phytozome: Pp3c8_16590) containing 5’UTR and coding 

sequence (CDS) was amplified by PCR with forward (APT_BSK_F) and reverse 

(APT_BSK_R) primers and cloned into pBlueScript K+ using restriction enzymes 

SacI/EcoRV (generating the APT pBSK+ plasmid). The pUGGi Gateway cassette and 

loop domain lacking the GUS regions was amplified in two pieces using PCR with primer 

sets Gateway1_F/R and Gateway2_F /R (both reactions at 60oC, 2min elongation), and 

both fragments were ligated individually into pBlueScript K+ (generating the Gateway F 

pBSK+ and Gateway R pBSK+ plasmids). The pUGGi loop was amplified by PCR with 

primers Loop_F/R and inserted into pBlueScript K+ (generating the Loop pBSK+ 

plasmid). The APT and Loop pBSK+ constructs were transformed into DH5α E. coli, 

whereas both Gateway pBSK constructs were transformed into ccdB E. coli. All 

constructs were blue-screened for successful clones by plating transformants on 

LB+Carb+Chlor plates and adding 40µL each of IPTG and X-Gal. Next, using the 

SacI/XhoI restriction sites the Gateway F fragment was inserted into the Gateway R 

pBSK+ backbone, generating the complete Gateway pBSK+ plasmid. Importantly, this 

construct contains the entire loop region derived from pUGGi, as the two intermediate 

Gateway constructs discussed above each contain half of the loop region. It was 

necessary to isolate the pUGGi Loop in its own plasmid because we wished to create an 

additional control plasmid lacking the Gateway cassettes. 
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 The first APT fragment was then excised from APT pBSK+ using HindIII/SwaI, then 

transferred into the Gateway pBSK+ plasmid, cut with HindIII/PmeI (generating Gateway-

1APT pBSK+). Next, the second APT fragment was excised from APT pBSK+ and 

transferred into the Gateway-1APT pBSK+ plasmid using SacI/SwaI sites (generating 

Gateway-2APT pBSK+). The Gateway-2APT fragment was digested then ligated into the 

pUGGi backbone using SacI/KpnI sites, generating the pGAPi plasmid. To generate our 

positive control plasmid without Gateway sites, two APT fragments were inserted into the 

Loop pBSK+ plasmid using the same procedure as described above—first by 

HindIII/SwaI and HindIII/PmeI sites, then by SacI/SwaI sites - producing the Loop-2APT 

pBSK+ plasmid. Then the Loop-2APT fragment was cloned into the pUGGi backbone 

using SacI/KpnI sites, generating the pAPi plasmid. At all points in this process where 

new plasmids were made by restriction-based cloning, those plasmids were confirmed by 

restriction and sequence analysis.  

The myoUTi:pGAPi construct was created by extracting the previously published, 

concatenated 5’ UTR targeting sequences (Vidali et al., 2010a) from its RNAi destination 

vector via a Gateway® BP reaction, then inserted into our new pGAPi construct via a 

Gateway® LR reaction. The transient myosin XI-RNAi phenotype was rescued by 

expressing the myosin XIa CDS (Vidali et al., 2010a). All three APTi plasmids are publicly 

available from Addgene (pGAPi #127547; pAPi #127548; myoUTi:pGAPi #127549) and 

sequences are also available at Genbank (pGAPi = MK975250; pAPi = MK975251; 

myoUTi:pGAPi = MK975252). 
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2.6.3 APTi Phenotyping Assay  

One week-old moss was protoplasted and transformed as described (Liu and Vidali, 

2011), with transformed protoplasts being plated at 1.4 x 105 protoplasts per 100 mm petri 

dish of PRMB in liquid plating medium. Each condition was plated in at least duplicate, 

with the myoUTi condition being plated in triplicate to allow enough plant material of the 

mutant plants to be harvested for immunoblotting and imaging. Four days post-

transformation the cellophanes of each plate were transferred to growth medium (PpNH4) 

supplemented with 1.25 μg/mL 2-fluoradenine from a 5 mg/mL in DMSO stock (Oakwood 

Chemical). As mentioned previously, we emphasize that each lab should first optimize 

the 2-FA selection concentration, as our results were all obtained using a single lot of 2-

FA from Oakwood Chemical, SC, USA. 

 Eight days post-transformation plants were stained with 10 μg/mL calcofluor from 

a 1 mg/mL in H20 stock (Fluorescent Brightener 28, Sigma) and imaged with a 10X A-

Plan (0.25 NA) objective of an epifluorescent microscope (Zeiss Axiovert 200M) coupled 

to a CCD camera (Zeiss AxioCam MRm). This microscope was equipped with an 

automated stage and integrated with the AxioVision software through the MosaicX 

module, enabling precise acquisition, tiling, and stitching of individual images to create a 

large composite. Our composite images contained 12x12 individual images, acquired with 

a 15% overlap. Each individual image consisted of two channels, the calcofluor and 

chlorophyll signals. The chlorophyll channel was acquired with a 480/40 bandpass 

excitation, a 505 longpass dichroic mirror, and a 510 long-pass emission filter cube and 

with a fixed 150 ms exposure for all experiments. The calcofluor signal was acquired with 
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a standard DAPI filter and automatically adjusted for each experiment to maximize 

contrast. 

 Stitched images were first processed and segmented using a custom-written 

ImageJ macro. Our macro only discarded segmented objects approximately the size of 

two adjoining protoplasts or smaller, as to not bias against the discovery of small mutants 

and remove non-surviving protoplasts. Each segmented image was visually inspected for 

overlapping or truncated plants, and if present they were discarded from further analysis. 

Subsequent filtering of alive plants and visualization of the data was performed using 

MATLAB (MathWorks). Statistical testing (one way ANOVA-Tukey) was performed with 

GraphPad Prism. 

2.6.4 Analysis of Myosin XI Protein Abundance 

Eight days post-transformation, all tissue was harvested by scraping, flash-frozen in liquid 

nitrogen, and stored at -80OC. To create protein extracts, the frozen tissue was ground to 

a powder in liquid nitrogen, then resuspended in extraction buffer (250mM Sucrose, 

20mM EGTA, 50mM PIPES, 150mM NaCl, 60mM MgCl2, and 1% w/v Casein) 

supplemented with fresh DTT (2mM final) and protease inhibitors. The powder from the 

pAPi condition was resuspended in 300 μl, whereas the myoUTi and rescue conditions 

were always resuspended in 200 μl extraction buffer. Extracts were vortexed for 15 

seconds, then placed on ice for 30 seconds, with this repeated twice more. Extracts were 

then spun at 13,000 RPM for 10 mins at 4OC, followed by removal of 175 μl of the clarified 

supernatant; 120 μl of extract was immediately combined with SDS loading buffer and 

boiled, then stored at -80OC. The remaining extract was used for total protein 

determination using the Bradford microplate microassay procedure (Bio-Rad). 



72 
 

 To probe myosin XI protein directly, we developed an antibody against a 6xHis 

fusion of the P. patens myosin XIa-CCT (Capralogics, Inc. Hardiwick, MA). We used an 

antibody against alpha tubulin as our loading control (DSHB: AA4.3). We determined the 

approximate linear range of both antibodies by first loading 1-20 μg of total protein from 

a pAPi treated moss extract on a 4-12% Bis-Tris SDS-PAGE gel (ThermoFisher). Protein 

was then transferred to nitrocellulose overnight at 4OC, followed by blocking with 5% milk 

in TBS-T at room temperature for 1hr. The nitrocellulose was cut at the 80 kDa marker, 

with the higher molecular weight piece incubated with myosin XIa-CCT primary antibody 

(1:10,000) and the α-tubulin (0.5 μg/ml final) incubated with the lower molecular weight 

fragment for 1hr at room temperature. Following primary incubation, blots were washed 

three times in TBS-T, incubated in secondary antibody (goat anti-rabbit for XIa-CCT, goat 

anti-mouse for α-tubulin) at 1:100,000 dilution for 1hr at room temperature, then washed 

a final three times. Blots were developed using homemade ECL reagent and 

chemiluminescent images were acquired using an Azure 600 (Azure Biosystems). 

Densitometry was performed using ImageJ (Schneider et al., 2012) to allow comparison 

of relative protein abundance. 

2.6.5 Lyk5-RNAi Construct Design and Functional Assay 

To disrupt the expression of Lyk5 genes in P. patens, an RNA interference plasmid was 

constructed. The first 414 bp of Lyk5a and 418 bp of Lyk5b were amplified using specific 

primers (Table S1) with the Phusion polymerase (ThermoFisher). Then, both fragments 

were joined by overlapping PCR, and the 0.8 kb fragment was gel purified (NucleoSpin® 

Gel and PCR Clean-up, Macherey-Nagel) and inserted in the entry vector pDONR207 via 

a BP reaction (Thermo). To insert the remaining Lyk5 gene, primers were designed for 
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Lyk5c (Table 2.1) that amplifies a fragment of exon 1. The corresponding 0.4 kb amplicon 

was gel purified (Zymogen Clean Gel DNA Recovery Kit) and inserted into pDONR207-

Lyk5a,b via BamHI. Successful pENT-Lyk5a,b,c clones were identified through restriction 

analysis and sequencing. The concatenated Lyk5a,b,c target sequence was inserted into 

pGAPi via an LR reaction (ThermoFisher) between pGAPi and pENT-Lyk5a,b,c, yielding 

Lyk5-RNAi. The Lyk5-RNAi construct was sequence verified. Transient transformation 

and APT selection were performed as described above. 

 Calcium imaging and analysis were performed as previously described (Galotto et 

al., 2020). In brief, plants were mounted on an agar pad containing serial dilutions of chitin 

oligosaccharides, starting at 20 mg/mL (Tokyo Chemical Industry-TCI), or water and 

imaged with a Zeiss Axio Observer.A1 motorized microscope using a 10x objective lens 

(NA 0.25). The internal calcium sensor was excited with a mercury lamp X-Cite series 

120 PC EXFO, and individual plant images were acquired every 30 sec for 30 min within 

10 min of initial chitin exposure. Analysis of the calcium time series data was performed 

using ImageJ and RStudio. Microscope drift was corrected in ImageJ using the 

‘StackReg’ plugin (Thevenaz et al., 1998). Next, the area around the plant was selected 

and the background was cropped. Then our macro applied, for each frame in the series, 

a thresholding function that equalized the images and masked the area around the plant; 

the masked images were used to analyze the Ca2+ peaks in chitin treated plants. In 

addition, the ImageJ macro recorded the mean gray value of each image. The mean gray 

values for a time-series were averaged (calcium levels) and the standard deviation of the 

average calculated (calcium fluctuations). The dose-response was calculated in 

GraphPad Prism by plotting the time-averaged values and standard deviation for each 
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concentration of chitin oligosaccharides. To estimate the number of calcium peaks and 

their frequence, the masked images produced by our ImageJ macro were analyzed using 

MATLAB. The script uses a rolling 3x3 pixel grid to detect the position of the plant 

throughout the video. For each frame, the grid scans through the image and records the 

pixel value of a 3x3 pixel area. Only the grids with positive values are considered as being 

part of a plant. When all the positive pixels are identified, the MATLAB script computes 

the mean of the pixel values and calculates the standard deviation of that mean. Once 

the mean of the pixel values is obtained, the script finds the Ca2+ peaks. A signal is 

considered a peak when its intensity is greater than one standard deviation multiplied by 

0.345, a constant, from the mean gray value of the plant. Once the peak detection was 

completed, the period between peaks was measured with a built-in MATLAB function 

‘findpeaks.’ This analysis was repeated for each plant. 

Primer Name Primer Sequence 

APT_BSK_F CATCATGAGCTCAAGCTTTACCGTGCGCCACTTGAC 

APT_BSK_R CATCATATTTAAATACCTCGAGCTTCAATTCCCAC 

Gateway1_F CATCATGAGCTCATTTAAATCCACTTTGTACAAGAAAGCTG 

Gateway1_R CATCATCTCGAGGGTTCGTTGGCAATACTCCAC 

Gateway2_R CATCATGGTACCAAGCTTGTTTAAACCCACTTTGTACAAGAAAGCTG 

Gateway2_F CATCATCTCGAGGGATACCCGTCCGCAAGTG 

Loop_F CATCATGAGCTCATTTAAATTGATTACGTACAGATGAACATGG 

Loop_R CATCATGGTACCAAGCTTGTTTAAACTGATTACGTACCTAGGCATCA 

UbiProSeq_F CTTTTGTCGATGCTCACCCTG 

LinkerSeqF TGATTACGTACCTAGGCATCA 

NosTermSeqR CCGGCAACAGGATTCAATCTT 

Lyk5cF AGGAGGATCCATGTCAATATCAGAACTGAAATCTCAG 

Lyk5cR ACTAGGATCCAACCACATTAGACGTAGGCGC 

Table 1 List of primers used for vector construction and sequence verification. 
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Chapter 3 : RabE and its Interaction with Myosin XI are 

Essential for Cell Polarization and Growth 
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3.1 Abstract 

The fundamental process of polarized exocytosis requires the interconnected activity of 

molecular motors trafficking vesicular cargo within a dynamic cytoskeletal network. In 

plants, few mechanistic details are known about how molecular motors, such as myosin 

XI, associate with their secretory cargo to support the ubiquitous processes of polarized 

growth and cell division. Here, we used live-cell imaging coupled with targeted gene 

knockouts and a high-throughput RNA interference assay, thereby enabling the first 

characterization of the loss of RabE function. Additionally, yeast two-hybrid and 

subsequent in silico structural prediction uncovered a specific interaction between RabE 

and myosin XI that is conserved between P. patens and A. thaliana. In planta, RabE co-

localizes with myosin XI at sites of active exocytosis, and at the growing tip both proteins 

are spatiotemporally coupled. RabE is required for normal plant growth in P. patens and 

the rabE and myosin XI phenotypes are rescued by A. thaliana’s RabE1c and myosin XI-

K/E, respectively. Both cargo-binding domains of P. patens myosin XI and A. thaliana 

myosin XI-K interact with P. patens RabE14, and the interaction is specifically mediated 

by residue V1422 in myosin XI of P. patens. Furthermore, this interaction is required for 

polarized cell growth. Our results suggest the interaction of RabE and myosin XI is a 

conserved feature of polarized cell growth in plants. 
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3.2 Introduction 

Polarized exocytosis requires precisely coordinated vesicle trafficking to support the 

essential function of polarized growth across eukaryotes, in addition to more plant-specific 

functions such as pathogen defense and cell wall biogenesis (Robatzek, 2007; Bove et 

al., 2008; Ebine and Ueda, 2015; Bibeau et al., 2018a). Plant polarized growth, or tip 

growth, exploits turgor pressure and active transport of secretory vesicles to drive rapid 

anisotropic expansion (Hepler et al., 2001; McKenna et al., 2009). At present, a 

mechanistic understanding of how secretory vesicles are trafficked for exocytosis in 

plants is lacking. 

 Polarized delivery of secretory vesicles is the rate limiting step for tip-growth in 

plants, and is dependent upon the molecular motor myosin XI (Vidali et al., 2010b; 

Madison and Nebenfuhr, 2013; Rounds and Bezanilla, 2013). Our traditional 

understanding of active transport interprets myosin XI as providing the mechanical force 

to translocate cargo on F-actin cables (Campas and Mahadevan, 2009; Moscatelli et al., 

2012), since diffusion alone is insufficient to support the rate of polarized growth (Bibeau 

et al., 2018a). An emerging perspective proposes myosin and its vesicular cargo as a 

fluid organizing center of actin nucleation and cargo transport (Schuh, 2011; Furt et al., 

2013; Pylypenko et al., 2016; Bibeau et al., 2020). Across the plant kingdom, myosin XI 

is observed at regions of active exocytosis and is essential for proper movement of 

organelles and the organization of secretory vesicles at the growing cell tip (Ojangu et al., 

2007; Peremyslov et al., 2008; Vidali et al., 2010b; Peremyslov et al., 2012; Park and 

Nebenführ, 2013; Bibeau et al., 2020; Orr et al., 2020a). Additionally, work with chimeric 

myosin XIs established a strong correlation between myosin XI velocity and cell growth 
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(Tominaga et al., 2013). Presumably, the relationship between myosin XI velocity and cell 

growth is a consequence of augmented delivery of myosin XI cargo; however, a direct 

interaction with myosin XI and its secretory cargo remained elusive. 

 At present, there exists a pronounced disconnect between previously identified 

myosin XI interactors and our understanding of eukaryotic polarized growth. A plant-

specific myosin XI interactor, called MyoB (Peremyslov et al., 2013), contributes to bulk 

cytoplasmic streaming but fails to colocalize with any known markers (Peremyslov et al., 

2015; Kurth et al., 2017). Additionally, MyoB is noticeably absent at the growing cell plate 

where myosin XI (Abu-Abied et al., 2018; Sun et al., 2018), Rab GTPases (Chow et al., 

2008; Ahn et al., 2013), and multisubunit tethering complexes (Rybak et al., 2014) are 

present. The non-vascular plant Physcomitrella patens displays no, or undetectably low, 

cytoplasmic streaming. Despite this, P. patens grows polarized filaments that contain a 

similar compliment of proteins (myosin XI, MyoB, Rab GTPases, etc.) with typically fewer 

isoforms (13 myosin XI genes in A. thaliana, 2 in P. patens) than seed plants. This 

reduced complexity motivates the moss Physcomitrella patens as an attractive model to 

investigate heretofore unidentified myosin XI interactors necessary for polarized growth 

without background cytoplasmic movement. Observations of robust correlations between 

myosin XI and vesicles in P. patens (Furt et al., 2013; Bibeau et al., 2018b) and well-

characterized homologous myosin V-Rab interactions from yeast to human (Hammer and 

Sellers, 2012), strongly suggests the presence of a homologous myosin-Rab interaction 

in plants to mediate vesicle association and transport. 

 Myosin XI is presumed homologous to the class V myosins, such as Myo2 from 

Saccharomyces cerevisiae (Li and Nebenführ, 2007), but functional evidence of 
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conserved interactions is lacking. In yeast, Myo2’s C-terminal globular tail sequentially 

interacts with vesicle-localized Rab GTPases Ypt31/32 and Sec4 to faithfully transport 

vesicles to the growing bud tip and sites of cytokinesis in a stereotypical “transport 

cascade” (Schott et al., 1999; Pashkova et al., 2006; Lipatova et al., 2008; Jin et al., 2011; 

Donovan and Bretscher, 2012). Rab GTPases localize to discrete endomembrane 

compartments and discriminate between effectors by undergoing dynamic structural 

rearrangements in a nucleotide-dependent manner (Khan and Menetrey, 2013; Pfeffer, 

2017). Myo2 and Sec4 interact and localize to secretory vesicles, and both interact with 

the plasma membrane localized, hetero-octameric tethering complex called exocyst (Jin 

et al., 2011; Donovan and Bretscher, 2012). While the precise coordination and/or 

exclusivity of the interactions between myosin, Rabs, and the exocyst is unclear, together 

these proteins compose the terminal step of the Rab-Myosin transport cascade 

immediately preceding exocytosis (Lepore et al., 2018). Sec4 is homologous to the Rab8 

subfamily in mammals, and despite evolutionary distance the subfamily’s interaction with 

class V myosin is conserved from yeast to human (Welz and Kerkhoff, 2017). An 

analogous Rab cascade in mammalian cells (Knodler et al., 2010; Mizuno-Yamasaki et 

al., 2012), suggests the presence of a conserved eukaryotic polarized exocytosis 

mechanism. 

 The plant RabE subfamily is homologous at the amino acid level to Sec4/Rab8 

(Rutherford and Moore, 2002), implying the presence of an analogous Rab-mediated 

transport model of secretory vesicles by myosin XI. Both functional and live-cell imaging 

studies demonstrated RabE’s involvement in anterograde transport to the plasma 

membrane from the Golgi, and a general requirement for plant growth and cell division 
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(Zheng et al., 2005; Speth et al., 2009; Ahn et al., 2013). Recently, RabE was identified 

as functioning in concert with both the SCD and exocyst complexes (Mayers et al., 

2017b). The SCD complex displays putative GEF activity for RabE, thereby suggesting 

an activated RabE in proximity to the exocyst. This finding tentatively places RabE in a 

transport pathway similar to Myo2/Sec4/exocyst (Heider and Munson, 2012); however, 

the presence of a molecular motor to actively transport secretory cargo in plants remained 

elusive. 

 Here, we show through yeast two-hybrid, bioinformatic, and in vivo analyses that 

myosin XI specifically interacts through its globular tail domain with a RabE GTPase 

enriched at sites of exocytosis, and disruption of the interaction results in a concomitant 

impairment of polarized growth. Furthermore, we demonstrated RabE’s requirement for 

plant growth and found that A. thaiana RabE rescues the rabE phenotype in P. patens. 

3.3 Results 

3.3.1 RabE Localizes to Sites of Polarized Secretion and Colocalizes with Myosin 

XI 

We hypothesized a homologous polarized trafficking mechanism exists between 

opisthokonts and plants, whereby plant specific myosin XI associates with RabE to 

support polarized growth. Previous work in plants implicates RabE in polarized exocytosis 

(Zheng et al., 2005; Speth et al., 2009; Ahn et al., 2013; Mayers et al., 2017b), and work 

with homologous Rabs in yeast and mammals directly couples Rabs to the motor protein 

myosin V to promote polarized vesicle deposition (Jin et al., 2011; Donovan and 

Bretscher, 2012). To determine the subcellular localization of RabE, and test 

colocalization with myosin XI, we generated a constitutive expression construct of 
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3mCherry-RabE14 (Cherry-RabE14) and transformed this into a P. patens line with 

myosin XI tagged with 3xmEGFP at the endogenous locus (Sun et al., 2018). Transgenic 

plants that expressed the fluorescent RabE protein and showed no growth phenotype 

were used for subsequent analysis. 

 We observed, using confocal laser scanning microscopy, that Cherry-RabE14 

localizes to discrete, cytosolic compartments, and predominantly accumulates at the 

extreme apex of growing caulonemal cells (Figure 3.1a, Figure 3.2a). Furthermore, both 

myosin XI and RabE colocalized at the growing tip (Figure 3.1a). Importantly, myosin XI 

and RabE show synchronized stochastic fluctuations of their fluorescent intensity over 

time within the apex of the growing moss cell (Figure 3.1b). Cross-correlation analysis of 

the myosin XI and RabE time series reveals that these two proteins are in-phase (Figure 

3.1c). This result is commensurate with our previous data demonstrating a tight 

spatiotemporal correlation with myosin XI and VAMP-labeled vesicles (Furt et al., 2013), 

thus supporting the inference that RabE is at least partially vesicle-localized. We 

investigated the subcellular localization of another RabE isoform, RabE12, and found 

similar dynamic localization to the growing tip (Figure 3.2b), suggesting functional 

redundancy. The strong spatial and temporal correlation between myosin XI and RabE is 

consistent with our hypothesis that RabE and myosin XI interact to drive polarized growth. 

However, we cannot conclude with this approach whether they interact directly or 

indirectly. 
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Figure 3.2 Subcellular Localization of RabE12 and Independent RabE14 Lines. A, 
Subcellular localization of 3xmEGFP-RabE12 by confocal microscopy. Images are 
maximum projections of 3 confocal slices to visualize the medial volume of the cell and 
acquired at 5-sec intervals. Selected images from a time series are shown using a 16-
color look-up table with the corresponding pixel value range shown on the right. B, 
Subcellular localization of 3xmCherry-RabE14 and MyosinXIa-3xmEGFP from an 
independently isolated line. Scale bar, 5 µm 

Figure 3.1 RabE co-localizes with myosin XI at sites of polarized exocytosis. A, 
Subcellular localization of 3xmCherry-RabE14 and MyosinXIa-3xmEGFP by confocal 
microscopy. Images are maximum projections of 8 confocal slices at 1 µm spacing to 
visualize the apical volume. Scale bars are 5 µm. B, Intensity fluctuations of myosin XI 
and RabE at the apex of the growing cell. Intensity values were obtained through 
kymograph analysis of time series video. C, Maximum correlation coefficient of myosin XI 
and RabE intensity fluctuations. Solid line indicates the average correlation coefficient of 
5 cells. The shaded region represents the standard error of the mean. Scale bar, 5 μm. 
D, An apical caulonemal cell of the double myosinXI-GFP and Cherry-RabE14 line was 
imaged during cell division approximately 1-minute post nuclear envelope breakdown. 
Scale bar, 5 μm. 
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 Plants use the exocytosis machinery to transport secretory vesicles and other 

cargoes to build the cell plate in a mechanism similar to tip growth (Fendrych et al., 2010; 

Wu and Bezanilla, 2014; Mayers et al., 2017b). Therefore, we predicted that myosin XI 

and RabE function together, not only at the tip for cell growth, but also at the cell plate for 

cytokinesis. Consistent with recent work (Abu-Abied et al., 2018; Sun et al., 2018), we 

observed that myosin XI localized to the cell’s division zone immediately following nuclear 

envelope breakdown (Figure 3.1d). RabE is noticeably absent from the division zone until 

approximately 8 minutes following nuclear envelope breakdown, which is consistent with 

the emergence of the phragmoplast (Sun et al., 2018). Upon RabE arrival at the division 

zone, RabE and myosin XI display coordinated behavior while confined to the 

phragmoplast (Figure 3.1d). RabE initially localizes as discrete puncta and then expands 

outward toward the cell wall (Figure 3.1d). Interestingly, unlike myosin XI, intense foci of 

RabE are present on the opposing plasma membranes that the phragmoplast-localized 

RabE grows towards. These foci manifest via the coalescence of RabE-decorated 

endomembrane structures. Upon fusion of plasma membrane-localized RabE and 

phragmopolast-localized RabE, coincident with myosin XI reaching the plasma 

membrane, the bright foci dissipate and a near homogeneous cytoplasmic signal of RabE 

remains (Figure 3.1d). Together, these observations establish RabE and myosin XI as 

spatiotemporally coupled in polarized transport processes. 
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3.3.2 RabE is Required for Normal Growth in P. patens, and A. thaliana RabE1c 

Rescues the rabE mutant 

Our data and previous studies strongly implicate RabE in supporting plant growth and 

development (Zheng et al., 2005; Speth et al., 2009; Ahn et al., 2013; Mayers et al., 

2017b). However, to date no study has investigated RabE in the context of a 

comprehensive loss-of-function (rabE) background. 
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To systematically deplete P. patens of the five-member RabE subfamily (Figure 

3.3), we employed an integrative approach. We reasoned complete that removal of RabE 

might result in non-viable plants, so we coupled CRISPR/Cas9 mediated knockouts of 

two isoforms, ΔrabE14/15 (Figure 3.4), with subsequent RNAi to knockdown the 

remaining three isoforms.  

Figure 3.3 Sequence alignment of P. patens RabE and phylogenetic tree of RabE and 
RabE-like proteins. A, Multiple sequence alignment of the five members of the 
Physcomitrella patens RabE subfamily. Pairwise percent identity ranges from 89% 
(RabE14-RabE11), to 97% (RabE14-RabE15, RabE12-RabE13). Pairwise residue 
percent similarity is visualized by color: green=100%, yellow=60-80%, white<60%.  
Predicted secondary structure of active RabE14—red arrow=β-sheet, blue tube=α-helix. 
Switch I and II domains are outlined by the dotted line. B, Maximum likelihood 
phylogenetic tree of RabE subfamily members from select Viridiplantae species 
(Coccomyxa subellipsoidea, Chlamydomonas reinhardtii, Volvox carteri, Arabidopsis 
thaliana, Physcomitrella patens) and homologous Rab8a from human and Sec4 from 
Saccharomyces cerevisiae. Saccharomyces cerevisiae Ypt1 (Rab1) was used as the 
outgroup. Numbers indicate bootstrap support values for their respective branch. 
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To deplete the final three RabE isoforms we generated an RNAi construct targeting a 

conserved ~400 bp region within the RabE11 CDS (RabE11i), which is 88% and 90% 

identical to RabE12 and RabE13, respectively. To investigate our rabE plants without the 

need for a specialized RNAi reporter line we used our recently developed RNAi system 

that exploits positive selection of an endogenous marker to enable robust, high-

throughput phenotyping (Orr et al., 2020b). To characterize the growth phenotype of the 

mutant moss plants, we quantified two morphological parameters of the plant, area and 

solidity (Vidali et al., 2010b). Solidity is the ratio of the plant area to the convex hull area, 

which is used as a morphological metric of plant polarization. Upon silencing with the 

RabE11i construct in the ΔrabE14/15 background, we observed morphologically stunted 

plants at 8-days post-transformation (Figure 3.5). Notably, when tested separately, both 

the ΔrabE14/15 and RabE11i conditions resulted in slightly smaller plants, and neither 

displayed any significant difference in plant solidity. Only when the RabE11i construct 

was introduced into the ΔrabE14/15 background did we observe an additive effect on 

plant size and reduced solidity, again highlighting the functional redundancy of the RabE 

subfamily (Figure 3.5). The rabE mutant’s diminished size and polarity (Figure 3.4b) is 

Figure 3.4 CRISPR/Cas9 knockout of RabE14 and RabE15. A, Schematic of the RabE14 
and RabE15 genomic loci that were targeted for CRISPR-mediated knockout. For both 
RabE14 and RabE15, two sites were targeted with sgRNAs to excise a large fragment 
from each locus. The gray boxes represent exons, with the arrows underneath showing 
the location of the primers used for genotyping. B, Genotyping of the RabE14 + RabE15 
CRISPR knockout line using the primer combinations shown in (a). Both loci show the 
predicted ~1kb excision indicating successful CRISPR editing with both pairs of sgRNAs. 
C, Sequence verification of a premature stop codon located within wild-type exon 5. This 
RabE14 mutation results in a 31-residue protein product. D, Sequence verification of a 
premature stop codon located within wild-type exon 6. This RabE15 mutation results in a 
40-residue protein product. 
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consistent with a role in polarized growth, as myosin XI displays a similar, albeit more 

pronounced, phenotype (Vidali et al., 2010b). 
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 We next tested whether our rabE mutant could be rescued by a distantly related 

RabE. This idea was motivated by the fundamental cellular requirement of RabE for 

polarized trafficking, similar RabE localization between our observations and other plant 

species, and protein-level conservation (~90% identity between A. thaliana and P. 

patens). Strikingly, RabE1c from Arabidopsis thaliana fully rescued our rabE phenotype 

(Figure 3.5).  Importantly, the observed phenotype is specific to the plant RabE subfamily. 

Exogenously supplied A. thaliana RabD2b failed to rescue the morphological defects 

(Figure 3.5). These data establish RabE as indispensable for cellular polarization and 

growth. Furthermore, rescue of the rabE phenotype with RabE1c from A. thaliana 

supports an evolutionarily conserved function, likely in concert with myosin XI. 

 Although our plant-level morphological analysis is entirely consistent with RabE 

being required for polarized growth, we sought to directly observe cell growth. We 

achieved this through long-term (ranging from 9-24 hours) live cell imaging of wild-type 

and rabE plants. Plants were manipulated identically to those in Figure 3.5, except at day 

5 post-transformation the plants of interest were transferred to plates with a thin layer of 

agar surrounded by a larger agar reservoir, thereby allowing acquisition close to the 

Figure 3.5 The RabE GTPases are required for normal plant growth and the growth 
defect is rescued with RabE1c from Arabidopsis thaliana. A, Representative 8-day old 
plants regenerated from protoplasts using the APT-based RNAi assay. Plants were 
stained and imaged with calcofluor, colored in green, and also imaged for chlorophyll 
autofluorescence shown in magenta. Bar = 100 µm. B, Quantification of plants from the 
APT-based RNAi growth assay. Each data point represents an individual plant. Three 
independent experiments were performed and pooled. Plant area was normalized to the 
wild-type condition. Lines and error bars represent the mean and 95% confidence interval 
for each group, respectively. Shared letters above the bars show those experimental 
groups that cannot be statistically distinguished. Statistical significance was determined 
by a one-way ANOVA-Tukey (P<0.01).  Numbers above the letters indicate number of 
plants analyzed per condition.    
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agar/plate interface. Additionally, the agar contained calcofluor to facilitate automated 

image acquisition and downstream analysis. This approach revealed a substantial cellular 

growth phenotype, with the rabE line growing at an average of 1.1 ± 0.75 µm h-1 compared 

to the average wild-type growth rate of 4.9 ± 1.9 µm h-1 (Figure 3.6).         
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 Together, these results support our hypothesis that RabE is essential for polarized 

cell growth. However, to rule out the unlikely possibility (given the A. thaliana RabE 

rescue) of an off-target RNAi effect being the cause of the loss of polarized growth 

phenotype, we performed RT-qPCR on the remaining full-length RabE transcripts. This 

analysis confirmed that RabE transcripts were downregulated, specifically RabE11, which 

was reduced by approximately 80% (Figure 3.7). Additionally, RabE12 and RabE13 had 

their transcript abundance decreased by 70% and 30%, respectively. This level of 

transcript reduction is consistent with both the observed reduction in growth rate and our 

expectation that RabE is essential for viability. Based on these results, we conclude that 

RabE is necessary for plant polarized growth and likely functions analogously in tip 

growing cells of vascular plants given the functionality of Arabidopsis RabE1c in P. 

patens.       

 

 

 

 

 

 

 

Figure 3.6 RabE is required for normal polarized cell growth. A, Time series of 
representative apical cells used for growth rate determination. The asterisk denotes the 
cell tip, scale bar = 10 µm. B, Quantification of growth rate extracted from kymographs of 
apical cell growth time series, such as in (A). Data points represent in-focus apical cells. 
Apical cells were pooled across two independent experiments. Bars represent the mean 
and standard deviation. Significance was tested via a two-tailed T-test,  p < 0.001  
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3.3.3 Myosin XI is a Conserved Effector of RabE, and A. thaliana Myosin Isoforms 

XI-K and XI-E Rescue Loss of Endogenous Myosin XI in P. patens.  

Our data demonstrated a strong relationship between RabE and myosin XI in polarized 

growth, therefore we investigated the existence of a direct interaction. We hypothesized 

that myosin XI directly interacts with RabE, and that this interaction is required for 

polarized growth. In parallel with our directed investigation, we performed a yeast two-

hybrid screen in conjunction with Hybrigenics (France) as an unbiased approach to 

identify putative P. patens myosin XI interactors. The myosin XI bait construct contained 

the canonical C-terminal myosin XI cargo-binding domain plus a small N-terminal 

extension into the coiled-coil domain, hereafter called MyoXI-CCT. Consistent with our 

previous data and hypothesis, our Y2H screen identified a full-length RabE GTPase 

protein, RabE14 (Pp3c6_11710). As yeast two-hybrid screens can be prone to false-

positives, we independently verified this putative interaction with a directed Y2H (Figure 

3.8a). Almost all sequence diversity between the RabE isoforms is located within the 

hypervariable C-terminal domain, while the canonical effector-determining regions 

localized within and near the switch regions maintain high sequence identity (Figure 3.3a). 

Therefore, we predicted that myosin XI binding is a shared function within the RabE 

subfamily. The most similar isoform, RabE15, and divergent isoform, RabE11, both show 

Figure 3.7 Relative expression of the transcripts from the unedited RabE genes (E11, 
E12, E13). A, Determination of PCR efficiency for each primer pair to verify the 
assumption of equal amplification efficiency implicit in the standard method of relative 
quantitation of RT-qPCR results. B, Amplification curves of the reference gene and the 
most downregulated gene, RabE11, across different experimental conditions. C, 
Transcript abundance was determined via RT-qPCR and quantified using the 2-Δ ΔCt 

method. Ubiquitin 10 was used for normalization. Data is the mean of two technical 
replicates taken from one biological replicate, therefore no error bars are displayed.  
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a positive interaction with myosin XI (Figure 3.8a). We interpret this as the RabE subfamily 

being functionally redundant with respect to myosin XI binding, and is consistent with 

other identified RabE effectors (Camacho et al., 2009; Mayers et al., 2017b). 
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 Our results demonstrating cross-species functionality of RabE and the 

pervasiveness of homologous myosin:Rab interactions across eukaryotes motivated us 

to explore the possibility of a conserved interaction in plants. To that end, we tested and 

confirmed that the cargo-binding domain of A. thaliana myosin XI-K interacts with P. 

patens RabE (Figure 3.8a). Taken together with the literature showing similar subcellular 

co-localization of XI-K with vesicles at the growing root hair tip and XI-K’s general 

requirement for polarized growth, we hypothesized the CBD of XI-K from A. thaliana 

would rescue P. patens plants depleted of endogenous myosin XI. To test this, we 

generated a full-length chimeric myosin XI protein containing the CCT of A.t. XI-K, while 

maintaining the head and neck domains of P. patens myosin XIa. In this way, we are 

directly investigating the same domain of XI-K for our in planta assay as tested in the 

Y2H. We found that A.t. XI-K and another Arabidopsis isoform, XI-E, are sufficient to 

promote polarized growth in P. patens plants lacking native myosin XI (Figure 3.8b,c). 

Figure 3.8 P. patens RabE subfamily interacts with both moss myosin XI and Arabidopsis 
myosin XI-K isoform, and A.t. XI-K/E rescue loss of endogenous P.p. myosin XI. A, 
Directed Y2H using the P.p. myoXIa-CCT and A.t. XI-K-CCT bait constructs and full-
length RabE14, RabE11, and RabE15 results in growth on synthetic defined (SD) medium 
lacking histidine. Empty bait and prey plasmids were tested with their respective partners 
to test for autoactivation of HIS3. B, Representative 1-week old RNAi plants—all plants 
except ‘CtrlRNAi’ are silencing expression of both endogenous myosin XIs. All plants 
except ‘MyoRNAi’ were co-transformed with the myosin XI silencing construct and 
another construct expressing either WT myosin XI or mutant myosin XI. Bar = 100 µm. 
C, Quantification of plants from the myosin XI-chimera growth assay. Each data point 
represents an individual plant. Three independent experiments were performed and 
pooled. Plant area was normalized to the wild-type condition. Lines and error bars 
represent the mean and 95% confidence interval for each group, respectively. Shared 
letters above the bars show those experimental groups that cannot be statistically 
distinguished. Statistical significance was determined by a one-way ANOVA-Tukey 
(P<0.01).  Numbers above the letters indicate number of plants analyzed per condition.   
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These results support the hypothesis of a conserved mechanism of polarized growth, 

likely mediated by an interaction between myosin XI and RabE. 

3.3.4 Myosin XI:RabE Interface Prediction 

To gain molecular insights of the MyoXI:RabE interaction, we hypothesized that the 

binding interface is structurally homologous that of the well characterized class V myosin 

binding to Rab8/Sec4 (Goldenring et al., 2012; Welz and Kerkhoff, 2017). A multiple 

sequence alignment of moss RabE14, Sec4 from Saccharomyces cerevisiae, and Rab8a 

from Homo sapiens strikingly illustrates the extent of conservation within the canonical 

Rab effector-binding regions (Figure 3.9a). Rabs undergo a dynamic GTP-dependent 

rearrangement of two structural regions, named “switch-I” and “switch-II,” which defines 

their “active” GTP-bound state and effector recognition (Stroupe and Brunger, 2000; Khan 

and Menetrey, 2013). Given the near perfect identity within the switch regions, we 

speculated that structural models of myosin XI-tail and RabE14, based on the well-

characterized Sec4 and Myo2 interaction, could assist in mapping the functional interface. 
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Figure 3.9 RabE sequence conservation and prediction of Myosin XI-CBD and GTP-
bound RabE14 binding interface. A, Multiple sequence alignment of Physcomitrella 
patens (P.p.) RabE14, Saccharomyces cerevisiae (S.c.) Sec4, and Homo sapiens (H.s.) 
Rab8a. Secondary structure (red arrow=β-sheet, blue tube=α-helix) of Sec4 and Rab8a 
was manually annotated based on their crystal structures, PDB IDs 1G17 and 4LHW, 
respectively. B, Predicted MyoXI:RabE interface using homology modeling and structural 
superposition as described in methods. Modeled contact residues are colored red, with 
residue V1422 colored yellow. 
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 To identify the putative interface between RabE14 and myosin XI, we employed a 

homology-based in silico approach. We first generated homology models of P. patens 

myosin XI CBD and RabE14 using yeast Myo2-CBD and Sec4-GTP as templates (Figure 

3.10). 

Figure 3.10 Ramachandran plots and average RMSDs for myoXIa-CBD and RabE14 
homology models. A-D, Both myoXIa-CBD and RabE14 homology models used for 
interface prediction exceed the conventional cutoff of >95% of all non-glycine residues 
must occupy the energetically allowed regions within the Ramachandran map to conclude 
good stereochemical quality. A, Eight non-glycine residues of myoXIa-CBD are located 
outside of these regions (corresponding to ~98% within). B, The average RMSD of 
myoXIa-CBD is 0.291 Å. C, Four non-glycine residues of GTP-bound RabE14 are located 
outside (corresponding to ~98% within). D, The average RMSD of GTP-bound RabE14 
is 0.134 Å  
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We leveraged these homology models to computationally predict the binding interface 

between myosin XI and RabE14 using both structural super-positioning (Figure 3.9b) and 

the template-based algorithm, PRISM (Tuncbag et al., 2011; Baspinar et al., 2014) 

(Figure 3.12a). At the amino acid level, almost all predicted associations occur within the 

switch-I, interswitch, switch-II region (Figure 3.12a) Both interface prediction methods and 

myosin templates identified the myosin XI residue V1422 as a putative interface residue 

(Figure 3.11a). V1422 of myosin XI structurally aligns with Q1447 of Myo2p (Figure 

3.11b); Q1447 was previously determined to reside in the yeast secretory vesicle binding 

site (Pashkova et al., 2006) and later shown to directly associate with the Rabs Ypt31/32 

(Lipatova et al., 2008) and Sec4 (Jin et al., 2011). Altogether, these results support a 

remarkable degree of structural conservation, and suggest that RabE functions as a 

myosin XI receptor on secretory vesicles in plants.   
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3.3.5 Structure-based Mutants Disrupt the Myosin XI:RabE Interaction, Resulting in a Loss 

of Polarized Growth 

Prediction of the putative MyoXI:RabE interaction identified several candidate residues 

on myosin XI-CBD that could mediate an interaction with RabE, with residue V1422 

emerging as the primary candidate. To test if V1422 is required for myosin XI-CBD to 

interact with RabE14, we performed a directed Y2H assay in which V1422 was mutated 

to arginine. We generated an additional myosin XI-CBD mutant, V1418R, to probe the 

region near V1422 that is bounded by our predicted interface. Consistent with our 

interface prediction, both mutants eliminated the interaction with RabE14 (Figure 3.12b). 

Furthermore, western blot analysis of the positive Y2H interactions confirmed the 

presence of the myosin XI mutants at levels equivalent to wild-type (Figure 3.13). 

However, we suspected that the V1418R mutant resulted in a misfolded protein, as 

evidenced by a slight cytotoxic effect (Figure 3.12b), its buried side chain relative to V1422 

(7.7 Å2 and 36.2 Å2 solvent accessible surface area, respectively), and low solubility when 

purified recombinantly (Figure 3.14). Taken together, these data support our in silico 

predicted interface, such that the V1422R mutation within myosin XI’s cargo-binding 

domain specifically abolishes RabE14 binding. 

Figure 3.11 Prediction of Myosin XI-CBD and GTP-bound RabE14 binding interface is 
robust. A, Predicted interface residues for MyoXI-CBD using different templates and 
methods results in similar interface profiles. All interface residues shared between each 
condition are bordered in red. Importantly, V1422 (star) was shared between all interface 
predictions and aligns with known interaction residue Q1447 from S.c. Myo2p (shown 
below). All experimentally identified yeast Myo2p interaction residues, shown in black 
letters, were captured with structural superposition as described in methods. B, Structure-
based sequence alignment of myoXIa-CBD homology model and myo2p-CBD crystal 
structure. Structure-based sequence alignment was performed with UCSF Chimera using 
our homology model of P. patens myosin XI cargo-binding domain and crystal structure 
of S. cerevisiae myosin V cargo-binding domain (myo2p-CBD), PDB=2f6h.  
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Figure 3.12 Structure-guided mutagenesis of predicted Myosin XI-CBD:RabE14 binding 
interface reveals polarized growth mutants. A, Contact map of modeled myosin 
XI:RabE14 (-17.8 kcal mol-1) determined by template-based docking algorithm PRISM 
(Tuncbag et al., 2011). Hydrophobic triad residues and their putative contacts colored in 
yellow. Colors of lines representing contacts reflect the domain within RabE14 that the 
contact belongs. Green=Switch I, Red= Switch II, Grey=Interswitch, Yellow=Hydrophobic 
triad. B, Directed Y2H with the P.p. myoXI-CCT WT bait fragment from (Fig. 3.8) and bait 
fragments containing mutations in the myosin XI cargo-binding domain that are required 
for polarized growth and predicted to interact with RabE14. All yeast strains were grown 
on the same SD plates, but rearranged for clarity. C, Homology model of P.p. myosin XI-
tail is shown, with the candidate interface residues predicted to mediate RabE interactions 
in red. D, Representative 1-week old RNAi plants—all plants except ‘CtrlRNAi’ are 
silencing expression of both endogenous myosin XIs. All plants except ‘MyoRNAi’ were 
co-transformed with the myosin XI silencing construct and another construct expressing 
either WT myosin XI or mutant myosin XI. Bar = 100 µm. E, Quantification of the 
morphological parameters of solidity and area extracted from images in (d). Error bars 
indicate standard error of the mean. Shared letters above the bars show those 
experimental groups that cannot be statistically distinguished. Statistical significance was 
determined by a one-way ANOVA-Tukey (P<0.01).  Numbers above the letters indicate 
number of plants analyzed per condition.  

 

 

Figure 3.13 Detection of myosin XI protein abundance in Y2H experiments. Strains were 
grown in SD medium lacking trp and leu to an OD600 of 1 and assayed for expression of 
myoXIa-CCT via western blot. Total extracted yeast protein was blotted using a myoXI-
CCT antibody and ADH1 as a loading control. The condition MyoXIa-CCT 
V1422R+empty bait plasmid belongs to the western blot shown on the left but was 
rearranged for clarity.  
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 Based on our previous results demonstrating cross-species complementarity and 

interaction between myosin XI and RabE, we predict the MyoXI:RabE interaction to be a 

fundamental component of the polarized transport process. Therefore, specific disruption 

of this interaction should manifest as loss of polarized growth. To perturb the predicted 

MyoXI:RabE interaction, we generated a panel of single-residue myosin XI-CBD mutants 

within the full-length CDS, which are highlighted in the model (Figure 3.12c). As expected, 

silencing of endogenous myosin XI results in small and round plants, as determined by 

significantly reduced area and solidity, respectively (Figure 3.12d,e). All the mutant plants 

show a statistically significant increase in solidity compared to control RNAi, with the 

Y1384, V1422R, and V1418R mutants also showing a statistically significant decrease in 

normalized plant area (Figure 3.12e). The V1422R and V1418R mutants are 

morphologically equivalent to silencing myosin XI, Y1384 shows an intermediate 

phenotype, and F1379 displays a near wild-type morphology (Figure 3.12d,e). The 

dramatic loss of a polarized growth phenotype observed in myosin XI-CBD mutants 

demonstrates that these individual residues are required for proper functioning of myosin 

XI in polarized growth. 

Figure 3.14 Myosin XI cargo-binding domain mutants show varying levels of solubility. A, 
Representative fluorescent images of wild-type moss protoplasts one day post-
transformation with the indicated construct. B, Quantification of expression for each 
fluorescent myosin XI fusion construct for images obtained in (a). Within a given condition, 
the mean fluorescence across all GFP positive protoplasts for a single independent 
transformation was treated as one sample. We plotted the mean of these independent 
sample means and failed to distinguish a statistically relevant difference, as tested by a 
one-way ANOVA (P<0.05). Error bars indicate the standard error of the mean and 
numbers above the SEM indicate the number of independent experiments. C, SDS-PAGE 
gels of the elution fractions for WT and mutant myosin XI proteins following anion 
exchange chromatography. Each lane of the SDS-PAGE corresponds to fractions eluted 
from the column, with the absorbance at 280nm and percentage of 1 M NaCl plotted 
below.  
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 To exclude the possibility that our observed mutant phenotypes were a 

consequence of absent or reduced myosin XI expression or stability, we created GFP 

and His-tagged constructs for the myosin XI mutants. Our GFP reporters confirmed 

myosin XI mutant expression in protoplasts at wild-type levels (Figure 3.14a,b), and 

purification of the V1422R mutant suggests normal solubility and stability (Figure 3.14c). 

Together, these results indicate that V1422 is required to mediate the polarized growth 

process, and the V1422R mutation specifically abrogates myosin XI’s biological function 

through defective binding to RabE. 

3.4 Discussion 

Our studies identified a critical interaction between the molecular motor myosin XI and 

the RabE GTPase subfamily and determined the cross-species ability for RabE to support 

plant growth. Despite multiple independent lines of research demonstrating the individual 

requirements for myosin XI and RabE in polarized trafficking, and the sequence homology 

to myosin V and Sec4, (Zheng et al., 2005; Peremyslov et al., 2008; Speth et al., 2009; 

Vidali et al., 2010b; Peremyslov et al., 2012; Park and Nebenführ, 2013) direct evidence 

supporting a myosin:Rab-driven transport model, as in budding yeast, was lacking 

(Peremyslov et al., 2013; Ryan and Nebenfuhr, 2018). We attribute the dearth of evidence 

to the expansion of the myosin XI family in vascular plants, background cytoplasmic 

streaming that confounds observations of vesicle transport, and existence of a 

promiscuous, plant-specific interaction between divergent myosin XI isoforms and MyoB 

proteins that decorate a unique endomembrane compartment (Kurth et al., 2017). By 

exploiting the reduced gene family of myosin XI and absence of cytoplasmic streaming in 

the moss Physcomitrella patens, in combination with Y2H, live-cell imaging, cross-
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species complementation, and computationally directed mutant analysis, we identified 

functional homology between myosin XI/myosin V and RabE/Sec4. 

 Our Y2H screen used the myosin XI cargo-binding domain from the moss P. 

patens as bait, and isolated one member of the RabE subfamily, RabE14. Subsequent 

Y2H with other RabE members led us to conclude that binding of myosin XI is a general 

property of the RabE subfamily. Furthermore, generation of stable moss lines containing 

different RabE paralogs fused to either GFP or mCherry displayed similar dynamic 

subcellular localization as MyoXI. Our conclusion of the functional redundancy of the 

RabE subfamily is consistent not only with initial predictions (Pereira-Leal and Seabra, 

2001; Rutherford and Moore, 2002), but subsequent experimental evidence 

demonstrating conserved RabE effector binding (Camacho et al., 2009; Mayers et al., 

2017b). 

 We reasoned that if an in vivo association between myosin XI and RabE exists, 

we would observe strong co-localization of both proteins at sites of polarized exocytosis. 

Our live-cell observations of myosin XI and RabE established striking cross-correlation at 

the site of polarized growth. The distinct co-localization of RabE and myosin XI to the 

growing apical zone is reminiscent of commonly observed localization patterns of F-actin, 

secretory vesicles, myosin XI/V, and other secretory components across plants and fungi 

(Bi and Park, 2012; Furt et al., 2013; Hepler and Winship, 2015; Bibeau et al., 2018b; 

Riquelme et al., 2018). Additionally, we observed co-localization and co-migration of 

RabE and myosin XI during expansion of the nascent cell plate. Importantly, this result is 

not only in agreement with previous reports separately investigating myosin XI and RabE  

(Zheng et al., 2005; Chow et al., 2008; Yokota et al., 2009; Abu-Abied et al., 2018; Sun 
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et al., 2018), but is internally consistent with our apical co-localization data and the notion 

that plant cell division internally recapitulates much of the canonical polarized exocytosis 

machinery (Fendrych et al., 2010; Mayers et al., 2017b). This observation is significant 

because one model of myosin XI-based transport depends upon myosin’s interaction with 

an adaptor protein, MyoB (Ryan and Nebenfuhr, 2018). Interestingly, MyoB is not found 

at the growing cell plate where myosin XI and vesicles localize (Abu-Abied et al., 2018; 

Sun et al., 2018), suggesting the presence of an unidentified myosin XI interactor. 

Importantly, myosin XI is required for normal cell division, as a triple myosin XI mutant in 

A. thaliana displays abnormal cross walls and protracted cytokinesis (Abu-Abied et al., 

2018). Our observations taken together with emerging evidence of interactions between 

RabE and vesicle tethering complexes TRAPPII and the exocyst (Rybak et al., 2014; 

Mayers et al., 2017b; Kalde et al., 2019) supports our hypothesis of a myosin XI-RabE 

centric model of polarized transport and growth. 

 If myosin and RabE interact to support polarized growth, then removal of RabE 

should impart a deleterious growth phenotype. Although other studies implicated RabE in 

plant growth in development (Zheng et al., 2005; Speth et al., 2009; Ahn et al., 2013), 

none comprehensively removed and/or knockdown all present RabE isoforms. Our 

systematic depletion of RabE through genetic knockouts and RNAi establishes RabE as 

an essential component of plant growth. Complementation experiments with exogenous 

Arabidopsis Rabs demonstrated a cross-kingdom, RabE specific function in supporting 

plant growth. This result opened the possibility of an ancient, conserved function between 

myosin and Rabs in polarized trafficking, with the fundamental information encoded at the 

interaction interface.   
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 Our systematic depletion of RabE through genetic knockouts and RNAi establishes 

RabE as an essential component of plant growth. Furthermore, complementation and 

Y2H experiments with Arabidopsis Rabs and myosin XI isoforms demonstrated cross-

species functional conservation despite ~450 million years of evolutionary divergence 

between vascular and non-vascular plants. Additionally, our modeling and experimental 

validation of the putative MyoXI:RabE interface identified that residue V1422 of the 

myosin XI-CBD is required for RabE binding and polarized growth. Importantly, V1422 

structurally aligns to Q1447 of myosin V in yeast and is required for polarized growth and 

Rab binding (Schott et al., 1999; Pashkova et al., 2006; Jin et al., 2011). Future work is 

needed to determine if RabE functions as the direct vesicle receptor of myosin XI. If so, 

the interaction is likely rapid and transient (Bibeau et al., 2020), which may be challenging 

to verify biochemically.   

 Here we demonstrate a remarkable degree of functional conservation between P. 

patens and A. thaliana RabE and myosin XI. These results coupled with recent 

discoveries that established functional homology to the well-characterized yeast system, 

such as the putative RabE GEF SCD1/SCD2 and exocyst components, supports the 

enticing hypothesis of a myosin XI/V-driven, pan-eukaryotic mechanism of polarized 

exocytosis. We anticipate future work will employ this fundamental framework of polarized 

exocytosis through leveraging experiments in both flowering and basal plants to build 

additional complexity. 
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3.5 Materials and Methods 

3.5.1 Yeast Two-Hybrid Assay  

A Y2H screen was performed using the services of Hybrigenics (France), and we 

partnered with them to construct their Physcomitrella patens cDNA library. We cultured 

moss protonemata on PpNO3 and PpNH4 medium under standard conditions (Vidali et 

al., 2007b) for 1-week, then harvested the juvenile tissue and isolated total RNA 

according to the manufacture’s recommendations (Zymo Research Corp. Cat#R1056). 

The RNA was immediately frozen, then shipped to Hybrigenics where they constructed 

the cDNA library. The MyoXIa-CCT bait fragment corresponds to residues 1061-1536, 

was cloned into pB27 (Hybrigenics), and was screened by 132 million pairwise 

interactions. Positively interacting pairs were identified by growth on SD -Trp -Leu -His. 

 We validated and performed directed Y2H experiments by cloning into the bait and 

prey plasmids from Hybrigenics and transforming them into their corresponding Y2H 

strains, L40 and Y187, respectively. Additional RabEs were inserted into the Y2H prey 

vector via restriction-based cloning using BamHI and NotI. The A. thaliana XIK-CCT Y2H 

bait vector was created by amplification of the CCT region using the primers in Table S1, 

then PCR product and pB27 were digested with EcoRI/NotI and ligated. The MyoXIa-

CCT bait was mutagenized with the Q5 Site-Directed Mutagenesis Kit (New England 

BioLabs) to create the V1418R and V1422R mutants. All constructs were sequence 

verified and all necessary primers are in supplemental table 1. Bait and prey pairs were 

mated, then grown in SD -Trp -Leu until ~2 OD. All strains were normalized to 0.3 OD, 

then serially diluted and spotted on SD -Trp -Leu, and SD -Trp -Leu -His plates.        
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3.5.2 Construction of Fluorescently Tagged RabE Moss Lines 

Creation of the 3xmEGFP tagged RabE12 construct occurred by a two-element LR 

Gateway® reaction (ThermoFisher) of entry clones pENT-L1-3xmEGFP-L5r and pENT-

L5-RabE12-L2, and the destination vector pTHUbi-gate (Vidali et al., 2007b). The 

RabE12 entry clone was generated by amplification of cDNA using primers AttB2-

PpRabE12Rev and AttB5-PpRabE12For (Table S1) and a BP reaction with the resulting 

PCR product and pDONR 221 P5P2. cDNA was created from RNA isolated from 1-week 

old moss protonemal tissue using the SuperScript III Reverse Transcriptase 

(ThermoFisher) according to manufacturer’s protocol. The 3xmCherry-RabE14 construct 

was generated in a similar manner using RabE14 cDNA, 3xmCherry entry clone, and the 

destination vector pTKUbi-gate (Wu and Bezanilla, 2014). The moss expression construct 

pTHUbi-gate:3xmEGFP-RabE12 was transformed into the Gransden wild-type laboratory 

strain (Liu and Vidali, 2011) and selected for stable transformants. pTKUbi-

gate:3xmCherry-RabE14 was transformed into a previously created line that contains 

myosin XIa endogenously tagged with 3xmEGFP (Sun et al., 2018), as well as wild-type. 

This procedure yielded multiple independent transformants that were individually 

screened for fluorescence. 

3.5.3 Live-cell Confocal Imaging and Kymograph Analysis 

All moss tissue was cultured as previously described (Furt et al., 2013). All moss lines 

were imaged with a SP5 confocal microscope (Leica) using the 488 nm and 561 laser 

lines at 5% power, with the emission bandwidth gated to 499-547 nm light for GFP and 

574-652 nm for mCherry. For imaging of cell division, all images (512x512) were acquired 

simultaneously at 400 Hz using a HCX-PL-Apo, 63x, NA1.4 lens (Leica) with a zoom of 6 
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and a bit depth of 12-bit. All images were single medial slices with the confocal aperture 

at 1 AU, taken at 10 second intervals, and a line average of 2 was used to increase signal 

to noise. Images were processed in ImageJ by Gaussian blurring (Sigma radius 1), 

background subtracted (200-pixel ball radius), and contrast enhanced (normalized using 

stack histogram and 0.1% saturated pixels). 

 For long-term imaging required for kymograph analysis, all images (1024 x 256 

pixels) were acquired simultaneously at 400 Hz using with a zoom of 3. Nine optical slices, 

1 µm apart, were collected using at five-second intervals to capture the entire volume of 

the apical cytosol. Total laser power was maintained at 5% for both laser lines. The 

confocal aperture was opened to 2 AU. For creation of live-cell movies of growing tips, all 

images were post-processed in ImageJ with blurring (Sigma radius 1) and the red channel 

was contrast enhanced (normalized per frame using 0.2% saturated pixels) to adjust for 

acquisition photobleaching. 

 For cross-correlation analysis, all data were processed and analyzed in an 

analogous manner to previous work (Furt et al., 2013). To reduce manual ROI selection 

and to ensure proper ROI orientation for kymograph analysis, as well as to facilitate data 

processing and visualization, we implemented a custom MATLAB (MathWorks) routine 

that is available upon request.  

3.5.4 Homology Modeling and Interface Prediction 

Homology models of the P.patens myosin XI cargo-binding domain (MyoXI-CBD) and 

RabE14 were generated using the SWISS-MODEL server (Waterhouse et al., 2018). The 

MyoXI-CBD model was created using residues 1131-1537 from full-length myosin XIa 
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and supplying yeast Myo2p (PDB:2f6h) as the template. The RabE14 model uses the 

entire protein sequence and is based upon the Sec4 GTP-bound structure (PDB: 1g17). 

 Subsequent molecular visualization and manipulation was performed using UCSF 

Chimera (Pettersen et al., 2004). MyoXI-CBD and active RabE14 were structurally 

aligned with the myosin Vb-Rab11a co-crystal structure (PDB: 4lx0) using the 

MatchMaker tool with default parameters. The template was removed, and putative 

interface residues were extracted through identification of atoms whose respective van 

der Waals surfaces were within 1 Å. This process was repeated with Myo2p and active 

Sec4 to assess the ability of the method to recapitulate a known myosin V:Rab8-like 

interaction, irrespective of the template containing a Rab11 member. 

 We also employed the template-based docking algorithm, PRISM (Tuncbag et al., 

2011; Baspinar et al., 2014). With this approach, a predicted interface is generated based 

on mapping template-to-target interfaces, thereby bypassing other structural elements 

unrelated to the interface. We used our homology models as the two target proteins and 

specified the co-crystal structure of human myosin Vb and active Rab11a as the template. 

3.5.5 CRISPR Knockout of RabE14 and RabE15 

The double ΔrabE14/15 mutant was created by gene targeting through CRISPR-Cas9 

(Collonnier et al., 2017b). Selection of appropriate guide sequences was done with the 

CRISPOR platform (Haeussler et al., 2016). The final sgRNAs were chemically 

synthesized (Integrated DNA Technologies, Coralville, IA, USA). Each sgRNA cassette 

includes the P. patens U6 promoter, the guide sequence target, the tracrRNA scaffold, 

and are flanked by Gateway® attB sites for BP cloning into pDONR207 (ThermoFisher). 

All sgRNA constructs were co-transformed with pAct-Cas9 into wild-type P. patens 
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protoplasts and selected for transient transformants on 50 mg L-1 G418. Successful 

genomic editing events were verified by genotyping and sequencing (Figure 3.4 and 

Table 2). 

3.5.6 RNAi Growth Assays 

The loss of RabE phenotype was elucidated using a recently developed RNAi method 

that allowed us to use the ΔrabE14/15 line without the need for reporter insertion (Orr et 

al., 2020b). To maximize silencing efficacy, our target was 401 bp of the RabE11 coding 

sequence (CDS) (RabE11i), which shares 88% and 90% identity with RabE12 and 

RabE13, respectively. The RabE1c expression construct contains the cDNA of A. thaliana 

RabE1c cloned into the pTHUbi-gate vector. RNAi and expression constructs were 

transformed into either the wild-type or ΔrabE14/15 protoplasts, regenerated for 4-days, 

transferred to growth medium supplemented with 1.25 μg mL-1 2-FA for 4-days. Plants 

were stained with calcofluor and imaged 8-days post-transformation to measure 

morphometric parameters. 

  The effects on plant growth of myosin XI chimeras and myosin XI point mutants 

were investigated using a previously developed RNAi methodology (Bezanilla et al., 

2005b). Myosin XI chimeras were generated via Gateway® cloning. Briefly, an entry clone 

containing the P. patens Head-Neck-CC domains (pL1-MyoHeadNeckCC-R5) was 

combined with an entry clone containing either XIK-CCT (pL5-XIK_CCT-L2) or XIE-CCT 

(pL5-XIK_CCT-L2) via an LR Reaction. Myosin XI-CBD mutant expression constructs 

were created via site-directed mutagenesis of wild-type myosin XIa-CBD (Table S1). The 

mutant and wild-type CBDs were concatenated with the myosin XIa head, neck, and 

coiled-coil domains through an LR reaction (ThermoFisher) into the moss expression 
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construct, pTHUbi-gate. The full-length myosin XI mutant constructs leave a small linker 

between the two fused pieces, so we created an otherwise wild-type control construct to 

test for possible deleterious effects of the linker fragment, named ‘P.p. MyoXI.’ The 

myosin XI-CBD expression constructs were co-transformed (Liu and Vidali, 2011) into the 

NLS-4 line (Bezanilla et al., 2003b) with a previously developed myosin XIa+b 5’UTR 

silencing construct (Vidali et al., 2010b) to evaluate the capacity of the mutant MyoXI-

CBDs to rescue polarized growth. Plants were imaged 1-week post-transformation for 

polarized growth and size defects (Vidali et al., 2007b; Galotto et al., 2019). 

3.5.7 Phylogenetic Analysis 

The full-length clone identified in our Y2H screen was categorized as RabE14 in 

accordance with its sequence agreement with the predicted cDNA of gene Pp3c6_11710 

(Physcomitrella patens v3.3 (Lang et al., 2018)). We then used the predicted protein 

sequence and BLAST to analyze the P.patens proteome using Phytozome 

(http://phytozome.jgi.doe.gov), as well as C. subellipsoidea, C. reinhardtii, V. carteri, and 

A. thaliana, with an expectation threshold of E = 10-4 and BLOSUM62 substitution matrix. 

All hits were filtered to allow only putative RabE protein sequences for tree construction. 

We determined if a given sequence was a RabE using the “Rabifier” (rabdb.org) 

classification pipeline (Diekmann et al., 2011; Surkont et al., 2017) that predicts if the 

query sequence is a Rab, and if so, groups it into the most likely Rab subfamily based 

upon canonical subfamily sequence motifs (Pereira-Leal and Seabra, 2000). We added 

well-characterized Rab8 proteins Sec4 and Rab8a to observe eukaryotic divergence, as 

well as a known non-Rab8, Ypt1, to function as the outgroup. Sequences were aligned 

using MUSCLE (Edgar, 2004) under default parameters. The phylogenetic tree was 

http://phytozome.jgi.doe.gov/
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constructed under the ML information criterion using PhyML (Guindon et al., 2010), model 

selection was performed using the Akaike Information Criterion (Akaike, 1974), and 100 

bootstraps were executed for statistical branch support. This process was facilitated 

through use of the ATGC PhyML web server (Guindon et al., 2005). 

3.5.8 Western Blot Analysis 

Y2H strains were analyzed for MyoXIa-CCT expression by picking individual colonies 

from SD -trp -leu plates, growing to 1 OD600 unit, and extracting total protein via a NaOH 

and SDS-PAGE buffer treatment (Kushnirov, 2000). Total protein was run on a 12% SDS-

PAGE gel, transferred to a PVDF membrane, cut, then blotted against myosin XI-CCT 

(1:10,000--~80kDa) using a custom-made antibody, and yeast ADH1 (1:1,000--~40kDa) 

(Abcam:ab34680) as a loading control. The myosin XIa-CCT antibody was generated 

against a 6xHis fusion of the myosin XIa-CCT (Capralogics, Inc. Hardiwick, MA). 

3.5.9 Myosin XI Protoplast Expression 

The mutant and WT myosin XIa expression constructs were reamplified with primers 

containing attB1 and attB5 sites (Table S1) to facilitate c-terminal tagging with three 

tandem copies of monomeric enhanced GFP (3mEGFP). Entry clones of myosin XI (WT 

and mutants) and 3mEGFP were cloned into a moss expression plasmid with LR clonase 

(Thermo Fisher), yielding pB1-MyoHNC-B5-gtail-mutation-B5-3mEGFP-B2. Constructs 

were transformed into moss protoplast as previously described (Vidali et al., 2007b), 

except transformed protoplasts were left in suspension in liquid plating medium, instead 

of being cultured on solid medium. 

 One day post-transformation, protoplasts were removed from the growth chamber 

and centrifuged at 250 g for five minutes. The supernatant was removed, such that 1ml 
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remained, and the protoplasts were gently resuspended. Slides for imaging were 

prepared by affixing an approximately 22x22mm square of Parafilm, with a circle cut out 

of the center, to a glass microscope slide using heat. Approximately 65 µl of protoplasts 

were transferred to the circle bounded by Parafilm on the slide, then sealed with a 

22x22mm glass coverslip. Images of fluorescent protoplasts were acquired using the 

same equipment described by Bibeau and Vidali (Bibeau and Vidali, 2014). 

 In brief, protoplasts were imaged using three separate filters: chlorophyll channel 

(480/40 bandpass excitation filter, 505 longpass dichroic, 510 longpass emission); 

standard GFP filter (for GFP expression); standard dsRed filter (dead cells/background 

subtraction). All three images were imported into ImageJ, contrast enhanced, then the 

dsRed signal was subtracted from the GFP channel to avoid quantification of dead 

protoplasts. The red channel was used to visualize the protoplast morphology and was 

manually segmented using the magic wand tool and ROI manager. The mean gray values 

for all ROIs were measured on the GFP channel and exported. All fluorescent values 

were filtered based on the fluorescence of the “no DNA” condition—the maximum value 

obtained within the “no DNA” condition was used as a threshold for all other conditions 

for that respective day to discard untransformed or non-expressing protoplasts. The 

remaining values were averaged by date of transformation for each condition and tested 

for statistical differences. 

 

3.5.10 Myosin XI-CCT Purification 

The myosin XIa-CCT E. coli expression construct was created by primers (Table 2) that 

amplified residues 1061-1537 and then cloned into the pETDuet vector using restriction 
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enzymes BamHI and HindIII. Myosin XI mutants were generated for purification using the 

Q5 Mutagenesis Kit (New England BioLabs) using the previously created mutagenesis 

primers for protoplast expression and the wild-type MyoXIa-CCT E. coli expression 

construct as the template. 

 Myosin XIa-CCT expression constructs were transformed into BL21 (DE3) E. coli, 

transferred to liquid culture and grown until OD600 ~0.6, then shifted to 15oC and induced 

with 0.1 mM IPTG after cooling. Cells were incubated overnight at 15oC. Harvested cells 

were resuspended (~20 ml lysis buffer/L of culture) in cold lysis buffer (50 mM NaH2PO4 

pH 8.0, 300 mM NaCl, 10mM imidazole, 10% (v/v) glycerol, fresh 5mM β-

mercaptoethanol, 1mM PMSF, DNAse, and 1 cOmplete Protease Inhibitor Cocktail tablet 

(Roche Diagnostics) added prior to lysis, then lysed using a microfluidizer M-110S 

(Microfluidics) at 80 psi. The cleared lysate was batch bound to Ni-NTA agarose beads 

(Qiagen) for 1 h at 4oC, then packed via gravity flow. The Ni-NTA column was washed 

(50 mM NaH2PO4 pH8.0, 300 mM NaCl, 20 mM imidazole, 10% (v/v) glycerol, fresh 5 mM 

β-mercaptoethanol), then eluted with the same buffer plus 250 mM imidazole. Fractions 

containing protein were pooled and subjected to an anion exchange purification step on 

a MonoQ 10/10 column (GE LifeSciences), controlled using an ÄKTA pure FPLC (GE 

LifeSciences). 

3.5.11 Statistical Analyses 

All statistical analyses were performed using GraphPad Prism. All error bars represent a 

95% confidence interval unless otherwise specified. For all experiments, statistical 

significance was determined by a one-way ANOVA with a post-hoc Tukey test (P < 0.01) 

unless otherwise specified in the figure legend. 
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Table 2: Primers used in this study. 

Primer 
Name 

Primer Sequence Entry 
clone 

Use 

AttB1 Myo 
Head Neck 
For 

GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGGCGACAGCAGGGAA
TGTA 

pL1-
MyoHea
dNeck-
R5 

Phenotype/Compl
ementation 

AttB5r Myo 
Head Neck 
Rev 

GGGGACAACTTTTGTATACAAAGTT
GTACCCTTGGTCGGTGACAATAC 

pL1-
MyoHea
dNeck-
R5 

Phenotype/Compl
ementation 

AttB5 Myo 
CC Tail For 

GGGGACAACTTTGTATACAAAAGTT
GTGTTGTCGAATCGATTCAAAAGCA
CCG 

pL5-
MyoCC
Tail-L2 

Phenotype/Compl
ementation 

AttB2 Myo 
CC Tail Rev 

GGGGACCACTTTGTACAAGAAAGC
TGGGTACTAAGAATCTGGTTGTGG 

pL5-
MyoCC
Tail-L2 

Phenotype/Compl
ementation 

AttB1 Myo 
Head Neck 
CC For 

GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAATGGCGACAGCAGGGAA
TGTA 

pL1-
MyoHea
dNeckC
C-R5 

Phenotype/Compl
ementation 

AttB5r Myo 
Head Neck 
CC Rev 

GGGGACAACTTTTGTATACAAAGTT
GTCAAAGAGTCTTGATTCTCCTGCT 

pL1-
MyoHea
dNeckC
C-R5 

Phenotype/Compl
ementation 

AttB5 Myo 
Tail For 

GGGGACAACTTTGTATACAAAAGTT
GTGCTGCAATGTGTCATGCAAGAT 

pL5-
MyoTail
-L2 

Phenotype/Compl
ementation 

AttB2 Myo 
Tail Rev 

GGGGACCACTTTGTACAAGAAAGC
TGGGTACTAAGAATCTGGTTGTGG 

pL5-
MyoTail
-L2 

Phenotype/Compl
ementation 

Myo F1379R 
For 

CGTGAGTGTTGCTCACGTAGCAAC
GGAGAGTAT 

pL5-
MyoTail
F1379R
-L2 

Phenotype/Compl
ementation 

Myo F1379R 
Rev 

TCTCAGCAGCAAACTGTTGAACAG
CTGAACATT 

pL5-
MyoTail
F1379R
-L2 

Phenotype/Compl
ementation 

Myo V1418R 
For 

TATATCCGACAAGCACGTGGATTTT
TGGTCATTCATC 

pL5-
MyoTail
V1418R
-L2 

Phenotype/Compl
ementation/Purific
ation 
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Myo V1418R 
Rev 

CTTGAGCTCATCCCATGACGCTCC
AGCATACTC 

pL5-
MyoTail
V1418R
-L2 

Phenotype/Compl
ementation/Purific
ation 

Myo V1422R 
For 

GCAGTTGGATTTTTGCGCATTCATC
AAAAGCCA 

pL5-
MyoTail
V1422R
-L2 

Phenotype/Compl
ementation/Purific
ation 

Myo V1422R 
Rev 

TTGTCGGATATACTTGAGCTCATCC
CATGACGCTCC 

pL5-
MyoTail
V1422R
-L2 

Phenotype/Compl
ementation/Purific
ation 

Myo W1408R 
For 

TATGCTGGAGCGTCACGGGATGAG
CTCAAGTAT 

pL5-
MyoTail
W1408
R-L2 

Phenotype/Compl
ementation 

Myo W1408R 
Rev 

CTCCTCCCCAGCTTCATAAATCCAG
TGCTCTAGTTCTG 

pL5-
MyoTail
W1408
R-L2 

Phenotype/Compl
ementation 

Myo Y1384R 
For 

TTTAGCAACGGAGAGCGTGTGAAA
GCTGGACTT 

pL5-
MyoTail
Y1384R
-L2 

Phenotype/Compl
ementation 

Myo Y1384R 
Rev 

TGAGCAACACTCACGTCTCAGCAG
CAAACTGTT 

pL5-
MyoTail
Y1384R
-L2 

Phenotype/Compl
ementation 

MyoXIa-CCT 
WT For 

CGCGGATCCGTTGTCGAATCGATT
CAAAAGC 

n/a BamHI site for 
cloning into 
pETDuet/Purificati
on 

MyoXIa-CCT 
WT Rev 

CCCAAGCTTCTAAGAATCTGGTTGT
GGCATTAG 

n/a HindIII site for 
cloning into 
pETDuet/Purificati
on 

AttB2-
PpRabE12 
Rev 

GGGGACCACTTTGTACAAGAAAGC
TGGGTACTACGAGCAGCAGGAACT
AGA 

pL5-
RabE12
-pL2 

Subcellular 
localization of 
RabE12/3xmEGF
P tagging 

AttB5-
PpRabE12 
For 

GGGGACAACTTTGTATACAAAAGTT
GTGATGGCCGCAGGTGGATCAAGA 

pL5-
RabE12
-pL2 

Subcellular 
localization of 
RabE12/3xmEGF
P tagging 
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AttB5-
PpRabE14 
For 

GGGGACAACTTTGTATACAAAAGTT
GTGATGGCGACAAGAGCCC 

pL5-
RabE14
-pL2 

Subcellular 
localization of 
RabE14/3xmEGF
P tagging 

AttB5-
PpRabE14 
Rev 

GGGGACCACTTTGTACAAGAAAGC
TGGGTACTATGAGCAGCAAGAGCC
AGA 

pL5-
RabE14
-pL2 

Subcellular 
localization of 
RabE14/3xmEGF
P tagging 

RabE11CDS
_NotI_Forwar
d 

TAAGCAGCGGCCGCAATGGCCGCA
GGTGGATC 

y2hPrey
-
RabE11 

RabE11 full-
length in Y2H 
prey vector 

RabE11CDS
_BamHI_Rev
erse 

TGCTTAGGATCCTCAAGAGCAACA
GGAGCTACC 

y2hPrey
-
RabE11 

RabE11 full-
length in Y2H 
prey vector 

RabE15CDS
_NotI_Forwar
d 

TAAGCAGCGGCCGCAATGGCGACA
AGAGCTCGG 

y2hPrey
-
RabE15 

RabE15 full-
length in Y2H 
prey vector 

RabE15CDS
_BamHI_Rev
erse 

TGCTTAGGATCCCTATGAGCAGCA
AGAGCCAGA 

y2hPrey
-
RabE15 

RabE15 full-
length in Y2H 
prey vector 

Y2Hprey_For
ward 

AATACCACTACAATGGAT n/a Sequencing 
primer for Y2H 
prey vector 

Y2Hprey_Re
verse 

TCTAGACACTAGCTACTC n/a Sequencing 
primer for Y2H 
prey vector 

RabE11i_Re
verse 

GGGGACCACTTTGTACAAGAAAGC
TGGGTAGCTTGACCCTTCGCAGTG
G 

pL1-
RabE11
i-L2 

Primer to amplify 
401bp of RabE11 
CDS for RNAi 

RabE11i_For
ward 

GGGGACAAGTTTGTACAAAAAAGC
AGGCTTAGATTACCTCATCAAGCTG
CT 

pL1-
RabE11
i-L2 

Primer to amplify 
401bp of RabE11 
CDS for RNAi 

RabE14_P2-
F 

AGTTTGGAGGGATGCTGAGTG n/a RabE14 CRISPR 
genotyping 

RabE14_P2-
R 

GAGCCTGACCTTTGGCAAAAG n/a RabE14 CRISPR 
genotyping 

RabE14_P1-
F 

TGCACATATTGCACAAACAGTCA n/a RabE14 CRISPR 
genotyping 

RabE14_P1-
R 

AACATCACGTTCCTTCATTTCT n/a RabE14 CRISPR 
genotyping 

RabE15_P2-
F 

CAGAGAGGCGGGTTTTGTAGT n/a RabE15 CRISPR 
genotyping 

RabE15_P2-
R 

CCTCCGAAATGGTCCCAAGAA n/a RabE15 CRISPR 
genotyping 

RabE15F_P1
-F 

CTAAGCCTTGCTAATGTAAACCA n/a RabE15 CRISPR 
genotyping 
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RabE15F_P1
-R 

ACAACGTTAGGTTAACAACACACT n/a RabE15 CRISPR 
genotyping 

XIK-
CCT_EcoRI 
For 

TAAGCAGAATTCATGCTTTTACCGA
GAACTCC 

y2hBait-
XIK 
CCT 

A. thaliana XIK 
CCT Y2H bait 
vector 

XIK-
CCT_NotI 
Rev 

TAAGCAGCGGCCGCTTACGATGTA
CTGCCTTCT 

y2hBait-
XIK 
CCT 

A. thaliana XIK 
CCT Y2H bait 
vector 

XIK-
CCT_attB5 

GGGGACAACTTTGTATACAAAAGTT
GTGATGGCCACACGATCAAAAACA 

pL5-
XIK_CC
T-L2 

Creation of 
chimeric myosin 
XI with XI-K CCT 

XIK-
CCT_attB2 

GGGGACCACTTTGTACAAGAAAGC
TGGGTATTACGATGTACTGCCTTCT
TTACG 

pL5-
XIK_CC
T-L2 

Creation of 
chimeric myosin 
XI with XI-K CCT 

XIE-
CCT_attB5 

GGGGACAACTTTGTATACAAAAGTT
GTGTTTCTCTCTGGCCGGTCC 

pL5-
XIE_CC
T-L2 

Creation of 
chimeric myosin 
XI with XI-E CCT 

XIE-
CCT_attB2 

GGGGACCACTTTGTACAAGAAAGC
TGGGTATTAGTCAGAACATGGCAAT
AGAAAG 

pL5-
XIE_CC
T-L2 

Creation of 
chimeric myosin 
XI with XI-E CCT 

 

Table 3: Gene IDs and source of protein sequences used in phylogenetic tree 
construction 

Name Description Sequence 
Length 

Volvox carteri Vocar.0012s0034.1 (Phytozome) 217 

S.c. Ypt1 P01123 (Uniprot) 206 

Coccomyxa 
subellipsoidea 

26393 (Phytozome) 210 

Chlamydomonas 
reinhardtii 

Cre15.g641800.t1.2 (Phytozome) 183 

H.s. Rab8a P61006 (Uniprot) 207 

A.t. RabE1E At3g09900 (Phytozome-TAIR10) 218 

A.t. RabE1D At5g03520 (Phytozome-TAIR10) 216 

A.t. RabE1B AT5G59840 (Phytozome-TAIR10) 216 

A.t. RabE1A At3g53610 (Phytozome-TAIR10) 216 

A.t. RabE1C At3g46060 (Phytozome-TAIR10) 216 

P.p. RabE15 Pp3c5_21410 (Phytozome-Pp v3.3) 215 
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P.p. RabE13 Pp3c25_7430 (Phytozome-Pp v3.3) 216 

P.p. RabE14 Pp3c6_11710 (Phytozome-Pp v3.3) 215 

P.p. RabE11 Pp3c16_17460 (Phytozome-Pp v3.3) 216 

P.p. RabE12 Pp3c16_17470 (Phytozome-Pp v3.3) 216 

S.c. Sec4 P07560 (Uniprot) 215 
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Chapter 4 : Future Directions and Conclusions 
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4.1 Extension of the APTi System for Long-Term Imaging and Conditional 

Activation 

Chapter 2 demonstrated the potency and flexibility of the APTi system to simultaneously 

silence multiple genes. However, I believe there are two fundamental areas where, if 

addressed, would make the APTi system an even more attractive tool to the community. 

The first area of improvement is applying long-term imaging to APTi experiments. In 

Chapter 2, the phenotype profiling of APTi plants was done as an end-point analysis. 

While informative and easy for other labs to quickly adopt, end-point profiling fails to 

capture the dynamic and developmental information long-term imaging provides. For 

example, two independent mutants may display an indistinguishable end-point 

morphological phenotype. Long-term imaging enables extraction of additional 

characteristics, such as growth rate or time to cell division, thereby enabling effective 

distinction of the mutants. I demonstrated a proof-of-principle experiment in Chapter 3 

where I imaged APTi plants over a 24-hour period to determine the growth rate. Despite 

the success of this approach, there are several limitations. The imaging was performed 

on a standard widefield fluorescent microscope with low magnification, and the plants 

were grown on a self-contained agar support. This experimental design precludes any 

perturbation and recovery experiments, such as observing how an APTi-mediated mutant 

responds to a drug, or single-particle imaging. Fortunately, both limitations can be 

resolved by growth in microfluidic chambers. P. patens has been successfully grown in 

microfluidic chambers for long-term imaging, drug treatments, and single-particle imaging 

(Bascom et al., 2016; Kozgunova and Goshima, 2019; Sakai et al., 2019). Translating the 

APTi system to microfluidics is an exciting future prospect, as it will enable even more 
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sophisticated experiments. For example, in Chapter 3 I demonstrated the requirement of 

RabE and its interaction with myosin XI for polarized growth. I hypothesize this is because 

RabE functions as the secretory vesicle receptor for myosin XI. Therefore, using 

microfluidics and APTi I could examine secretory vesicle dynamics in the rabE mutant, 

with the prediction that vesicles in the rabE plant display slower and/or less directed 

motion than wild-type.  

 RNAi-based techniques, such as APTi, are advantageous because they allow 

investigation of essential genes that are non-viable using traditional knockout 

approaches. Despite this advantage, traditional RNAi approaches and the current APTi 

system typically result in homogenous silencing across the entire organism. This limitation 

prevents precise investigation of gene silencing within a particular cell type or induction 

of RNAi at a defined developmental stage. To address this, inducible systems have been 

constructed to allow controlled activation of RNAi (Guo et al., 2003; Nakaoka et al., 2012; 

Liu and Yoder, 2016). I envision the next generation of APTi to facilitate stable integration 

into the genome and utilize the XVE estrogen-inducible system (Zuo et al., 2000), which 

has been successfully applied in P. patens (Nakaoka et al., 2012; MacVeigh-Fierro et al., 

2017). Development of an inducible APTi system is complemented by a robust long-term 

imaging platform, as discussed above. Together, these two advancements will 

significantly improve an already versatile and efficacious system.  

4.2 Further Characterization of the Myosin XI:RabE Interaction                

Despite my best efforts, I was unable to reconstitute direct binding of myosin XI to RabE 

in vitro. I attempted traditional equilibrium binding experiments using a quantitative GST 

pull down assay (Pollard, 2010), as well as using microscale thermophoresis (Wienken 
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et al., 2010). I speculate that the myosin XI:RabE dissociation constant is high to facilitate 

the dynamic fluctuations we observe at the growing tip, which would affect my ability to 

detect the interaction. Furthermore, it is possible myosin XI interacting with RabE is not a 

simple binary interaction. Rather, additional components, such as phosphoinositides, 

could coordinate with membrane-localized RabE to impart a coincidence detection 

mechanism for specific myosin XI recruitment (Jean and Kiger, 2012). Nevertheless, 

through this endeavor I established reproducible methods to purify recombinant P. patens 

myosin XI and RabE14 from E. coli. Although I could purify large qualities of soluble 

protein, it is currently unknown if the proteins are functional. Recombinant RabE14 could 

be tested for functionality using a fluorescent nucleotide exchange assay, but at present 

there is no basis to compare the kinetic results with. A similar but larger problem exists 

for myosin XI, as very few known interacting partners exist, and none have been 

demonstrated with P. patens to my knowledge.  

 To avoid the uncertainty inherent to biochemical reconstitution, in vivo detection of 

protein-protein interactions presents a favorable alternative. In Chapter 3 I demonstrated 

a strong spatiotemporal correlation between RabE14 and myosin XI, but one cannot 

conclude a direct interaction through this type of observation. Biofluorescence 

complementation (BiFC) is a popular technique to identify protein-protein interactions in 

the plant cell biology field due to its ease of use (Xing et al., 2016; Struk et al., 2019). 

BiFC only requires expression of the two proteins of interest each fused to a fragment of 

a fluorescent protein—if the two fusion proteins come within a critical distance, the 

fragments will reconstitute a functional fluorescent protein. Despite multiple caveats of 

BiFC, the irreversible nature makes it an enticing option to detect weak and transient 
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interactions as the signal will accumulate over time. With proper controls, such as 

alternative proteins or specific mutations thought to disrupt the interaction, true interaction 

signal can be distinguished from the background (Kudla and Bock, 2016). Therefore, I 

attempted BiFC as an orthogonal approach to test the myosin XI:RabE interaction. To 

accomplish this, I cloned full-length myosin XI and RabE14 into BiFC vectors that enable 

ratiometric quantitation of the BiFC signal to an internal red fluorescent protein (RFP) 

signal (Grefen and Blatt, 2012), which also functions as a positive transformation and 

expression control. I transformed the BiFC plasmid into P. patens protoplasts and 

observed no BiFC signal (yellow fluorescent protein, YFP), but I also observed no positive 

RFP signal. As P. patens transformation is typically highly efficient (Liu and Vidali, 2011) 

and I have much personal experience, I suspected the promotor of the BiFC construct 

resulted in low expression within P. patens protoplasts. As this BiFC construct was 

successfully used in protoplasts of A. thaliana (Albert et al., 2015; Stockle et al., 2016), I 

tested my constructs using Arabidopsis mesophyll protoplasts. I observed a few RFP 

positive protoplasts, but at a frequency well below what the literature suggests as an 

acceptable transformation. This was not unexpected, as A. thaliana protoplasts are 

notoriously more difficult to work with. Further optimization of the protoplasting and 

transformation protocol may yield promising results. Alternatively, discovery methods 

such as affinity purification followed by mass spectrometry (AP-MS) (Van Leene et al., 

2015) or proximity-dependent labeling (Kim and Roux, 2016; Branon et al., 2018) are 

powerful techniques to uncover interactions and higher order protein complexes.  

 The work of Chapter 3 was motivated by a long-standing vesicle organizing center 

model of polarized growth (Furt et al., 2013). This model was based upon phenomena in 
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P. patens and research demonstrating that vesicle-localized actin nucleators and a 

myosin receptor were sufficient to organize myosin-mediated vesicle transport (Schuh, 

2011). In this animal system, a Rab GTPase was the vesicle receptor of myosin V, which 

also occurs in yeast (Jin et al., 2011) and humans (Pylypenko et al., 2016; Alzahofi et al., 

2020). The data presented in Chapter 3 is highly supportive of a myosin XI:RabE 

interaction, but does not establish RabE as the vesicle-localized receptor for myosin XI. 

Biochemical experiments, such as vesicle purification, will be instrumental in determining 

if RabE is localized to the vesicle and could also serve to create a molecular census of 

what proteins reside on a P. patens secretory vesicle.  

4.3 Conclusions 

Previously, despite considerable experimental and mathematical modeling data 

describing plant polarized growth, our mechanistic understanding of this superficially 

basic process is underdeveloped relative to other eukaryotic systems. This is likely a 

consequence of multiple gene duplication events endemic to the land plants, as well as 

many plant species of interest being recalcitrant to traditional transformation and genetic 

modification. To this end, the work in this dissertation attempted to both serve a dire need 

within the community for potent tools to silence gene families, as well as uncover 

mechanistic insights into how cells achieve polarized growth. As a result, I (with the help 

of others) developed a novel RNAi methodology that is the first of its kind to enable 

positive selection of actively silencing plants. I demonstrated the efficacy and versatility 

of this technique to silence two different gene families, myosin XI(a,b) and Lyk5(a,b,c). In 

addition, through a combination of structural modeling, gene editing, yeast two-hybrid, 

chimeric proteins, cross-species complementation, and quantitative microscopy I 
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identified an interaction between myosin XI and the RabE GTPase family. Furthermore, I 

demonstrated the conservation of this interaction through complementation with myosin 

XI and RabE from the distantly related vascular plant, A. thaliana. Together, this work 

represents a substantial step forward in our understanding of plant polarized growth, and 

the underlying polarized trafficking process that supports growth. Both these insights and 

the new APTi system should inform and assist future experiments to build upon our 

growing knowledge of the dynamic and interconnected processes that promote and 

sustain polarized growth in plants.  
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